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ABSTRACT 
AMY OBERHAUSER BALL. Population genetic analysis of Litopenaeus setiferus using 
microsatellite genetic markers. (Under the direction of ROBERT W. CHAPMAN). 
Litopenaeus setiferus, Atlantic white shrimp, is a commercially and recreationally 
valuable species, yet little is known of its population structure. Litopenaeus setiferus are 
found along the Atlantic coast from New York to St. Lucie, Florida, and from the 
Ochlockonee River on the Gulf coast of Florida to Campeche, Mexico. Gulf and Atlantic 
popUlations probably separated sometime during the last deglaciation period (10,000 to 
20,000 years ago). In addition, the extensive freshwater ourflow of the Mississippi River 
may provide a physical barrier to gene flow, and concentrations of shrimp in Tabasco and 
Campeche Bay, Mexico, are thought to form a separate stock from those found in Texas. 
Microsatellite genetic markers were chosen for a population genetic analysis of 
L. setiferus. Six microsatellite loci, three containing the dinucleotide repeat (GT) and three 
containing tri- or tetranucleotide repeats, were identified. Shrimp were collected from 
North Carolina, South Carolina (over a period of four years), Georgia, Atlantic and Gulf 
coasts of Florida, the Mississippi River Delta (over a period of two years) and west of the 
Mississippi River Delta in Louisiana, Texas, and Mexico. DNA was isolated from these 
individuals and all six microsatellite loci were assayed. These loci were for the most part 
highly polymorphic with an average expected heterozygosity of 0.68. Deviations from 
Hardy-Weinberg proportions were observed over all samples, but the presence of null 
alleles confounded any biological interpretation of this result. Tests of the similarity of 
allele frequency distributions and distance measure analyses showed occasional indications 
of random geographic and temporal differentiation superimposed over broad scale genetic 
homogeneity. F ST and RST calculations confirmed that most genetic variation was contained 
within samples. 
The large-scale genetic homogeneity observed is a probable consequence of either 
ongoing gene flow among these samples or a recent separation, while the local genetic 
differentiation is consistent with genetic sampling. Conservative management of this 
species requires consideration of the probabilities that these shrimp are mixing across state 
and federal boundaries; that the number of migrants may not replenish a depleted stock; and 




Litopenaeus setiferus (Perez Farfante and Kensley 1997), Atlantic white shrimp, 
are widely distributed along the Atlantic and Gulf Coasts, with major breaks in the 
distribution as well as areas of concentration. White shrimp are targeted throughout their 
range by both commercial and recreational fishennen, and are a significant part of u.s. 
shrimp fisheries valued at over $500 million annually (Fisheries Statistics Division 2000). 
Their annual life cycle, high fecundity, and abundance were thought to make them 
impervious to overfishing. Like most marine species, distribution boundaries do not 
coincide with state or national borders, and despite the commercial importance, the genetic 
relationships of white shrimp across these observed boundaries are unknown. 
Furthermore, no infonnation is available on temporal genetic variation or the effects of 
potential genetic bottlenecks on genetic diversity_ Evidence of growth and recruitment 
overfishing, especially in the Gulf of Mexico, suggest that this species may not be as 
resilient as once thought. Fishery managers need to employ both a biologically and a 
politically usable definition of stock, and for this species, biological considerations are 
often secondary to political realities. While previous allozyme studies indicated little 
geographic variation, minimal polymorphism was detected at the loci used. Information on 
the genetic diversity, geographic population structure, and temporal genetic variation will 
add to our interpretation of the biology and ecology of this species as well as contribute to 
appropriate management decisions. 
BackKround: Penaeids and Litopenaeus setiferus 
Life History: Taxonomy and phylogeny Litopenaeus setiferus is in the subphylum 
Crustacea, order Decapoda, and family Penaeidae. The Penaeidae includes over 170 
species in 17 to 26 genera, over 100 of which are commercially important (Dore and 
Frimodt 1987; Dall et al. 1990; Perez Farfante and Kensley 1997). Recently Perez Farfante 
and Kensley (1997) revised the systematics of the Penaeidae and raised the subgenus 
Litopenaeus ( among others) to generic status. For this reason, "Litopenaeus setiferus" and 
other revised nomenclature will be used throughout this thesis. 
Historically, biologists have addressed the systematics of penaeids using 
morphological criteria, which support monophyletic groupings of Litopenaeus and 
Faifantepenaeus (Dore and Frimodt 1987; DaB et aI. 1990; von Sternberg and, Motoh 1995; 
Perez Farfante and Kensley 1997). However, recent genetic studies have resulted in 
conflicting classifications. Mitochondrial DNA (mtDNA) 16S rRNA sequences supported 
the monophyletic grouping of Litopenaeus and Faifantepenaeus (Maggioni et al. 2001), 
while mtDNA cytochrome oxidase subunit I sequences and allozymes did not (Baldwin et 
al. 1998; Gusmao et al. 2000). The decision to raise a subgenus to generic status relies on 
many factors, and additional molecular analyses can address systematic issues in this 
controversial area. 
Life History: Range and seasonal migrations Litopenaeus setiferus is distributed 
along the Atlantic Coast from New Yark to St. Lucie, Florida and in the Gulf of Mexico 
from the Ochlockonee River, Florida, to Campeche, Mexico (Perez Farfante 1969). Gulf 
and Atlantic populations are thought to have undergone separation near the beginning of the 
Holocene with the rise of the Florida peninsula (Perez Farfante 1969). The break in the 
distribution around the tip of Florida corresponds to the warm temperate to tropical 
transition noted for many species (Briggs 1974). Catch distributions indicate pockets of 
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local abundance along the Atlantic coast in Georgia and northeast Florida (McKenzie 
1981), and in the Gulf of Mexico along the Louisiana coastline and in the Bay of Campeche 
(Perez Farfante 1969). The population in the southwestern Gulf of Mexico is thought not 
to interact with the populations in the northern Gulf (Gracia 1991). 
Tagging experiments have demonstrated seasonal migrations along the Atlantic and 
Gulf coasts. In the Atlantic, L. setiferus move south in the fall and early winter and 
northward as early as January from Florida locations (Lindner and Anderson 1956; Farmer 
et al. 1978). Limited data suggest similar migrations along the southeastern Texas border 
and Mexico, while in the northern Gulf any directed migration appears to be limited to 
moving offshore in the fall and winter and inshore for spawning in the spring. Lindner and 
Anderson (1956) detected no east or west migrations across the outflow of the Mississippi 
River. 
Life History: Spawning and development White shrimp spawn offshore from 
March through November in the Gulf of Mexico and from April through September off the 
Atlantic coast (Lindner and Anderson 1956). Within two weeks of hatching, postIarvae 
enter the estuaries for a period of rapid growth (Baxter and Renfro 1967). Several 
environmental factors influence postlarval ingress, especially water temperature (> 20°C), 
winds, and tidal transport (greater postlarval densities were observed during flood tides) 
(DeLancey et al. 1994; Wenner et al. 1998). Postlarval density in Carolina estuaries peaks 
in July and August (Williams 1955; Bearden 1961; Wenner and Beatty 1993; DeLancey et 
al. 1994). In the Gulf, postlarvae were found from May through November at the entrance 
to Galveston Bay (Baxter and Renfro 1967) and the Mississippi Sound (Christmas et al. 
1968), with peak postlarval density from June through September. 
The estuarine growth period for postlarvae and juveniles continues into the fall, and 
by August or September many have returned to the ocean. The largest L. setiferus may 
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reach a size of 200 mm but ordinarily grow to about 150 mm (Williams, 1955; Lindner and 
Anderson 1956; Perez Farfante 1969). 
Life History: Habitat Ecological and environmental factors influencing the 
distribution of L. setiferus include at least salinity, temperature and substrate. Litopenaeus 
setiferus have been reported in salinities from 1 - 45 %0 and temperatures from 5.2 to 38°C, 
although combined temperature and salinity extremes may be harmful (see for review Zein-
Eldin and Renaud 1986). Wenner and Beatty (1993) found L. setiferus postlarvae and 
juveniles at the marsh surface, drainage rivulets, and along muddy bottoms in South 
Carolina creeks. In their study L. setiferus postlarvae were relatively more abundant at 
polyhaline salinities, while juveniles were found more frequently in the lower-salinity 
portions of estuaries. Inshore, juveniles are found in marsh habitats (Williams 1955; 
Weinstein 1979). Williams (1958) and Rulifson (1981) tested common tidal creek 
substrates and demonstrated that juvenile white shrimp prefer a sandy-mud substrate over 
sand or shell. In laboratory tests, white shrimp preferred a structured marsh grass habitat 
over mud flats, oyster beds, or shell-sand. Smaller white shrimp did not display this 
preference and in fact were more frequently found in the mud flats, although this may have 
been due to competition and predator avoidance (Grabowski 1989). Most adults are found 
offshore at depths up to 40 m (Perez Farfante 1969). 
Life History: Recruitment to the fishery The term "recruits" in a fishery context 
refers to the individuals that enter the adult fishery, and "spawning stock" refers to the 
numbers of spawners. Lam et aL (1989) arid Gracia (1991) showed that the abundance of 
white shrimp recruits depends on the size of the spring spawning stock as well as diverse 
environmental factors, predominantly water temperature, salinity, and autumn rainfall. Ye 
(2000) performed a meta-analysis of 13 stocks of 6 penaeid species and likewise rejected 
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the null hypothesis that recruitment is independent of spawning stock size. Besides 
spawning stock and environmental conditions, indices of postlarval abundance effectively 
predicted the subsequent landings for both L. setiferus and Farfantepenaeus aztecus 
(brown shrimp) in Mississippi Sound (Christmas et aL 1968) and L. setiferus (but not 
F. aztecus) in South Carolina (r2 = 0.79) (DeLancey et aL 1994). These postlarval 
indices are, however, more difficult and expensive to obtain than spring catch and 
environmental records (Lam et aI. 1989), and therefore not as practical for management 
purposes. 
Life History: Population bottlenecks Several factors predispose L+ setiferus to 
potential genetic bottlenecks. Although the actual population size, N, may return to high 
levels after popUlation crashes, the effective population size, Ne (the number contributing 
genes to the next generation), may be considerably lower. Cold winters can kill significant 
numbers of the overwintering broodstock, which in turn can drastically reduce the density 
of postlarvae and cause significant and predictable decreases in the fall harvest (Lindner and 
Anderson 1956; Farmer et al. 1978; McKenzie 1981; Lam et at 1989). Recovery from 
these population crashes relies on the high fecundity of white shrimp; larger females may 
produce 500,000 eggs (Perez Farfante 1969; Velazquez and Gracia 2000). Genetic 
bottlenecks also result from what has been called the "sweepstakes hypothesis" 
(Hedgecock 1994a).. Organisms with high fecundity and significant early mortality are 
subject to extreme reproductive variance (Vt ) due to random matches of larval cohorts with 
opportune environmental conditions. This in tum leads to lower than expected effective 
population sizes due to the inverse relationship between Ne and Vk, which at equilibrium are 
related asN. = 4N -4 (Crow and Kimura 1970). The sweepstakes hypothesis predicts 
~+2 
measurable random genetic drift, temporal variation among larval cohorts, and less genetic 
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diversity within larval cohorts than within the population as a whole. Examples where 
genetic evidence indicated differentiation among larval cohorts include Pacific oysters, 
Crassostrea gigas (Hedgecock 1994a; Li and Hedgecock 1998) and cod, Gadus morhua 
(Ruzzante et al. 1996b). Although populations may quickly regain their original census 
sizes (Lindner and Anderson 1956; McKenzie 1981; Lam et al. 1989), these periodic 
bottlenecks could lead to a long-term reduction in average gene diversity (Nei et aI. 1975). 
The Shrimp Fishery and Mariculture 
Catch statistics and patterns Litopenaeus setiferus are harvested commercially and 
recreationally throughout their range. The U.S. commercial fishery targets white, pink 
(F. duorarum), and brown shrimp; white shrimp m*e up about one third of the total and 
over one half of the Atlantic harvest (Personal communication from the National Marine 
Fisheries Service, Fisheries Statistics and Economics Division, Silver Spring, MD, 2000). 
Louisiana alone accounts for about half of the total commercial harvest of white shrimp. 
Twenty-year averages of commercial landings of whole shrimp are shown below and 
illustrate the economic importance of this industry. 
White shrimp White, brown, and pink shrimp 
pounds dollars pounds dollars 
Gulf 71,500,000 $145,500,000 221,100,000 $455,200,000 
Atlantic 12,800,000 $33,100,000 21,600,000 $50,900,000 
S.C. 4,100,000 $9,800,000 6,000,000 $13,400,000 
S.C. shrimp baiting 2,300,000 
In addition to fishing for shrimp for food, the harvest of smaller shrimp for bait is 
common, especially in the Gulf of Mexico. The recreational fishery also harvests a 
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significant number of shrimp. In South Carolina, a popular program allows for shrimp 
baiting, and recreational shrimp baiters account for about a third of the total white shrimp 
catch (Low 1998). 
The Mexican fishery includes both artisanal drift-nets and commercial fleets. The 
offshore artisanaI fishery targets larger shrimp than the commercial fleets, and is 
responsible for a significant proportion of the total catch. Declining production during the 
1980's and 1990's has been attributed to recruitment ovetfishing (Gracia 1996), which 
occurs when the mortality rate from fishing is severe enough to affect recruitment by 
decreasing the number of spawning individuals. The artisanal inshore fishery has been 
banned, and closures protecting the dominant spawning stock are being tested (Gracia and 
Vazquez-Bader 1999). 
State regulations Individual states manage their own shrimp fisheries out to the 
Exclusive Economic Zone (EEZ, 3 - 200 nautical miles offshore). Generally, commercial 
seasons open in the spring and the fall. Efforts are made to protect the spawning stock 
early in the spring spawning season and to allow smaller recruits to grow to a larger size 
before intensive fishing. Texas, in September, 2000, made regulatory changes designed to 
reduce growth overfishing and protect spawning shrimp_ The Texas Parks and Wildlife 
Commission instituted a limited entry program and a buy-back' program for commercial 
boat licenses, paid for by an increase in the commercial shrimp vessel and business licenses 
and a temporary surcharge on Saltwater Sportfishing Stamps. In South Carolina, the 
spawning condition of the shrimp sampled by the Department of Natural Resources 
determine when the spring season opens (M. Maddox, personal communication). The 
South Carolina recreational shrimp baiting season is open for 60 days each fall as specified 
in South Carolina state law. 
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Federal regulations The National Marine Fisheries Service (U.S. Department of 
Commerce) retains control over the EEZ. In 1981, the Gulf of Mexico Fishery 
Management Council, under the authority of the Magnuson Act of 1976, adopted a shrimp 
fisheries management plan (FMP) (Federal Register 1980) which covers the EEZ but 
permits Texas to manage its fishery out to nine nautical miles offshore. The principal 
objectives of the FMP were to optimize the fisheries yield and to reduce the discard of small 
shrimp. Recruitment was not considered a problem because the annual life cycle and high 
fecundity theoretically allow continual rejuvenation of the popUlation. More recently, 
growth overfishing (defined as a relative reduction in the size of the shrimp caught) and 
excessive effort are seen as serious problems within the industry (Southeast Fisheries 
Science Center 1992). In the Gulf, Texas and Mexico have both introduced new 
management measures to protect the fishery. In the Atlantic, the South Atlantic Fisheries 
Management Council allows the states to request a closure in federal waters following 
severe cold weather that impacts the population of white shrimp. 
Shrimp culture Total world production of shrimp (the wild fishery and aquaculture) 
reached 3.5 million metric tons in 1998 with not quite half from aquaculture. Southeast 
Asia (culturing P. monodon and others) and Central and South America (culturing 
L. vannamei and L. stylirostris) are major aquaculture producers, while in 1998 the U.S. 
produced 1,200 metric tons. Almost 98% of the aquaculture production of shrimp in the 
U.S. comes from semi-intensive or intensive production of L. vannamei. Litopenaeus 
stylirostris and L. setiferus (as a bait shrimp crop) make up the remainder (Samocha et aL 
1998; Rosenberry, 2000). 
The U.S. each year imports over 300,000 metric tons of shrimp for human 
consumption. Major issues in world shrimp farming are product quality, detrimental 
effects on the environment, and disease control. To deal with these problems, sustainable 
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aquaculture will require improved domesticated strains and best management practices in 
intensive farms. The application of genetic and biotechnological research is critical for a 
sustainable shrimp industry (Benzie 2000). Microsatellite genetic markers are used to 
assess genetic variation in captive breeding programs and insure that the loss of genetic 
variability inherent in these programs does not impair the health of the stocks (Sbordoni et 
al. 1986; Benzie 2000; Bieme et al. 2000). Other sophisticated approaches to disease 
control and growth will require knowledge of specific genes. 
Population Genetics of Penaeids 
Benzie (2000) reviewed population genetic studies in penaeids. Genetic data from 
allozymes, mtDNA, randomly amplified polymorphic DNA (RAPD) and microsatellites 
have been used to assay 27 species. In most cases, geographic differentiation appeared to 
result from historical biogeographical events rather than current dispersal patterns. Results 
from different markers were generally concordant. 
Western Atlantic shrimp: L. setiferus, F. aztecus and F. duorarum Lester 
(1979; 1983) and Marvin and Caillouet (1976) examined allozyme variation in L. setiferus 
from several sites within the Gulf of Mexico and from South Carolina. The genetic 
diversity (average heterozygosity over a111oci) reported was low, 0.07, but similar to that 
reported for other penaeids (Mulley and Latter 1980) and other marine crustaceans (Nelson 
and Hedgecock 1980). Similar values were reported for F. aztecus and F. duorarum 
samples from within the Gulf of Mexico (Lester 1979). In these studies, measures of 
geographic variation indicated genetic continuity (Marvin and Caillouet 1976; Lester 1979; 
Lester 1983). Recent studies using mtDNA sequencing also demonstrated a lack of 
population differentiation for F. duorarum, but some evidence for population structure 
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among F. aztecus and L. setiferus from the Atlantic and Gulf (personal communication 
from A. McMillen-Jackson). 
Eastern Pacific shrimp: L. vannamei and L. stylirostris Litopenaeus vannamei 
are found from Sonora, Mexico to northern Peru and L. stylirostris from the Gulf of 
California to northern Peru. Both are the target of fisheries and are used extensively in 
mariculture. An F ST value of 0.0044 was calculated from allozyme analysis of three wild 
populations of L. vannamei (Mexico, Panama, and Ecuador), indicating "very little 
subdivision across the range of this species" (Sunden and Davis 1991). Randomly 
amplified polymorphic DNA CRAPD) analysis of six L. stylirostris populations from the 
Gulf of California revealed significant population structure, with FST values> 0.1 (Aubert 
and Lightner 2000), although allozyme analysis over a much broader range found little 
geographic differentiation (Lester 1983). This is typical of some analyses, where more 
polymorphic markers (e.g., RAPDs) reveal heretofore undiscovered population 
substructure. Lester and Pante (1992) reported on unpublished RFLP analysis studies 
which indicated geographic differentiation of both L. stylirostris and L. vannamei across 
their ranges. 
Australia and Western Pacific Mulley and Latter (1981b; 1981a) examined 
geographic differentiation of nine tropical and eastern Australian prawns using protein 
electrophoresis. Although the levels of genetic diversity were low, some differentiation 
was apparent for a few species, with fixation indices (similar to F sr) between 0.007 to 
0.051. In particular, significant geographic differentiation was observed between Penaeus 
latisulcatus and Metapenaeus endeavour; populations from the Gulf of Carpentaria in 
northern Australia and from western Australia. 
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Penaeus monodon, found from the east coast of Africa to eastern Australia and 
Japan, dominates world shrimp aquaculture and has been the subject of a number of genetic 
studies. Extensive investigations with mtDNA, allozymes, microsatellites, and nuclear 
elongation factor I-a intron sequence data show remarkable concordance in differentiating 
P. monodon from the west and east coast of Australia (Benzie et aL 1992; Benzie et al. 
1993; Duda and Palumbi 1999; Brooker et al. 2000). A land bridge between Australia and 
Indonesia is thought to have disappeared at the end of the last ice age, permitting 
recolonization of western Australia by a small founding population (see Brooker et a1. 
2000). Further north in the seas near Thailand, P. monodon populations separated by a 
land barrier between the Gulf of Thailand and the Andaman Sea differ genetically by 
mtDNA RFLP (Klinbunga et al. 1999), RAPD (Tassanakajon et al. 1997) and 
microsatellite analysis (Supungul et aI. 2000). 
The amount of genetic diversity and the magnitude of the measures of population 
differentiation varied considerably among studies. Measures from different genes or 
genomes cannot be compared directly, but a high percentage of rare alleles or haplotypes 
and high He correspond to high genetic diversity, and lower F ST values indicate less 
population structure. For Australian P. monodon, 5% rare alleles were observed for 
allozymes, with a calculated FST of 0.05; with mtDNA - 30% rare haplotypes were 
observed; and with microsatellites, He was greater than 0.90 and FST was calculated at 
0.01. Among P. monodon from Thailand, FST values ranged from - 0.160 for mtDNA to 
-- 0.01 for microsatellites. Although F ST values were low for the microsatellite data, 
Balloux et aL (2000) showed that highly polymorphic markers generally produce relatively 
lower but still significant FST values. 
Summary of penaeid genetics These studies illustrate that with the appropriate gene 
markers, small scale and large scale geographic variation can be identified in some but not 
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all penaeid species. In P. monodon, the most well-studied species, all types of molecular 
markers showed remarkable concordance and revealed geographic differentiation due to 
previous or current biogeographic barriers. Benzie (2000) concluded that much of the 
population structure appeared to be due to historical events and may be difficult to replace if 
lost. Much of the concern over penaeid genetic variability is based on the need to retain 
genetic variation in aquaculture populations and in wild broodstocks for use in aquaculture. 
The genetic diversity of wild stocks may also be diluted by escaped animals or 
nonindigenous species may be introduced (for example, see Wenner and Knott 1992; for a 
review of wild and cultured fish interactions, see Sheridan 1995). 
Previous studies of eastern Pacific and western North Atlantic penaeids have shown 
little geographic variation over broad ranges (with the exception of L. stylirostris within 
the Gulf of California). However, many of these studies, including those of L. setiferus, 
were performed with allozymes with low levels of polymorphism and sparse sampling 
regimes. The use of more polymorphic markers such as microsatellite DNA may reveal (or 
not) population structure among L. setiferus samples.. Mitochondrial DNA was considered 
as an alternative genetic marker for this study. Microsatellites were chosen for many of the 
reasons detailed below in the introduction to microsatellite genetic markers, but in particular 
for three detennining factors. First, very high polymorphism was expected in contrast to 
the almost monomorphic allozymes, thus ensuring that population structure was not missed 
for lack of variable markers. Secondly, nuclear markers offered the potential to detect 
population substructure by deviations from Hardy-Weinberg equilibrium, something not 
possible with mtDNA analysis. Finally, microsatellites are extremely useful as genetic 
markers for many mariculture applications. 
This study offers an opportunity to examine the population genetics of an abundant 
marine organism, which nonetheless is likely to suffer from genetic bottlenecks. In 
addition, current problems with the fishery confinn that appropriate management requires a 
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knowledge of the amount of genetic diversity and of gene flow among neighboring 
populations as well as an understanding of the stock-recruitment relationships, biology, 
and ecology of this organism. 
Back2round: Microsatellite Genetic Markers 
Definition and Characteristics Microsatellite loci contain core repeat units 1 to 6 bp in 
length, repeated many times, flanked by unique genomic sequences (Tautz 1989; Weber 
and May 1989; for reviews see Jame and Lagoda 1996; Goldstein and Pollock 1997; 
Estoup and Angers 1998; Chambers and MacAvoy 2000). Microsatellites are found 
scattered throughout the genomes of all organisms studied to date (Hancock 1999), and 
data from genomic maps suggest they may be clustered to some degree and not randomly 
distributed (Dib et al. 1996; Dietrich et al. 1996; Bachtrog et al. 1999). Trinucleotide repeat 
instability has been found in genes causing diseases such as Huntington's disease, 
hereditary ataxia, fragile X-syndrome, and muscular dystrophy (for reviews, see Mitas 
1997; Usdin and Grabczyk 2000). In general, however, microsatellites are assumed to be 
neutral genetic markers. 
The variability at these loci arises from different numbers of repeat units. 
Typically, primers designed within the flanking regions are used to amplify the 
microsatellite locus and the products are separated by size. Different product lengths 
resulting from loss or gain of repeat units correspond to different allelic variants. A typical 
microsatellite locus shown here consists of a dinucleotide repeat (GT) flanked by unique 




Shaklee and Bentzen (1998) reviewed the utility of a variety of molecular markers 
(allozymes, mtDNA, microsatellites, and minisatellites) for genetic stock identification (see 
also Wright and Bentzen 1994; DeWoody and Avise 2000). Microsatellites are useful in 
population genetic studies due to their codominance, (assumed) neutrality, high variability, 
ease of identification and ease of application, even with small or poorly preserved 
organisms. In addition, primers from one species frequently hybridize at the homologous 
loci of related species, thus forestalling the need to develop primers for each species of 
interest. Analytical methods to assess population differentiation using microsatellite 
markers rely on traditional measures used for allozyme analysis, as well as measures 
developed specifically to account for a variety of mutation models. 
Evolution and Mutation Models Microsatellite allelic variation results mostly from 
different numbers of repeat units, although flanking region mutations are common (for 
example, Garza et al. 1995; Angers and Bematchez 1997; Makova et al. 2000). Mutations 
within the repeat region are thought to arise from slipped-strand mispairing during 
replication (Levinson and Gutman 1987; Schlotterer and Tautz 1992). Mutation rates have 
been estimated from 10-2 to 10.5 per locus per generation, based on direct observation 
(Weber and Wong 1993; Primmer et al. 1998; Ellegren 2000) or indirect calculations 
(Edwards et al. 1992). Most observed mutations were single-step, and more gains than 
losses were reported (Weber and Wong 1993; Brinkmann et al. 1998; Primmer et al. 1998; 
Ellegren 2000), Some authors hypothesized that the general tendency to gain a single 
repeat unit may be coupled with the occasional large mutation (Weber and Wong 1993; Di 
Rienzo et al. 1994; Garza et al. 1995), although the experimental data supporting this 
theory are lacking (cf. Primmer et al. 1998). 
14 
A number of studies have indicated that mutation rates are not uniform within a 
locus and that longer alleles have a higher mutation rate (Weber 1990; lin et a1. 1996; 
Wierdl et al. 1997; Brinkmann et ale 1998; Primmer et al. 1998; Ellegren 2000). Since 
microsatellite mutations are biased towards expansion, allele distributions are skewed 
towards the larger alleles (Farrall and Weeks 1998). A consequence is that species with 
larger effective population sizes are predicted to have longer microsatellite loci (Amos 1998; 
Ellegren 2000). During bottlenecks large alleles might be preferentially lost by stochastic 
processes, while expanded populations would have longer alleles coupled with 
disproportionally higher mutation rates and heterozygosity levels (for example, cows 
compared to sheep, Crawford et a1. 1998, c.f. Ellegren et a1. 1997). However, solid data 
to support this theory are lacking. Many studies are confounded by the ascertainment bias 
(the observed tendency for microsatellite loci to be more polymorphic and longer in the 
species from which they are isolated than in another species, Ellegren et al. 1995; 
Rubinsztein et a1. 1995; Hutter et al. 1998), or show no effect of population size on repeat 
number (Zhu et al. 2000). In a theoretical study, Kruglyak et a1. (1998) presented a model 
of evolution allowing dependence of mutation rate on microsatellite length and which also 
includes both strand slippage and point mutations. They showed that different distributions 
of allele lengths in different organisms can be explained by differences in strand slippage 
rates. 
Within the mechanistic framework of slip-strand mispairing, the specific mutation 
models range from the infinite allele model (lAM) to the stepwise mutation model (SMM), 
with modifications of each. The lAM (Kimura and Crow 1964) assumes that each 
mutation (occurring at rate Jl) results in a unique allelic state, with no history (i.e. nothing 
about the previous allelic state can be inferred from the new allele). Crow and Kimura 
(1970) introduced the k-allele model (KAM) under which only k allelic states are possible 
and alleles mutate randomly within this framework. Each allele has a constant probability 
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of mutating towards any other of the k-l alleles. The SMM (Kimura and Ohta 1978; 
Valdes et al. 1993) specifies that genes mutate by the loss or gain of a single repeat unit. 
Alleles closely related by size (number of repeat units) are therefore closely related 
phylogenetically. However, homoplasy is an inevitable consequence of the SMM and 
alleles identical in size may not be identical by descent. Originally the SMM model was 
developed to describe allozyme variants whose regular mobility distribution resulted from 
stepwise variation in charge (Obta and Kimura 1973). The two-phase mutation model 
(TPM) assumes that the majority of the mutations may be single step mutations with 
probability p, with the occasional loss or gain of two or more repeat units with probability 
1 - p (Di Rienzo et al. 1994). The lAM, SMM, and TPM place no upper or lower limits 
on the number of repeat units, while the KAM does .. 
Investigators have carried out empirical and theoretical studies to determine which 
of these evolutionary models most accurately fits the observed allelic distributions and 
mutations. The allelic distributions of perfect dimer repeats follow the predictions of the 
SMM (Bell and lurka 1997), although most authors have found that results differ from 
locus to locus or the tests have insufficient power (see Estoup et aL 1995; GarcIa de Leon 
et al. 1997; O'Connell et al. 1997; Nielsen and Palsbollt 1999). It appears likely that no 
one model will explain the variety of observed patterns of allele frequency distributions or 
mutations (for reviews see Goldstein and Schlotterer 1998). In theory, the purpose of 
these determinations is to choose the most appropriate statistical test to apply to the data, 
depending on the experimental hypothesis to be tested. As a rule, however, a number of 
population differentiation tests are used, and it is critical to be aware of the limitations of 
each. 
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Goals and Purpose 
The primary goal of the proposed research was to evaluate the population genetics 
of Atlantic white shrimp, L. setiferus. The distribution of L. setiferus follows a wel1-
known biogeographic pattern, yet its biological characteristics make the population 
substructure of this organism difficult to predict. A lack of observable population structure 
in marine species can result from many factors. These factors may include more or less 
continuous habitats or occasional mixing, slow genetic drift due to large effective 
population size (Nt)' high fecundity, long-lived pelagic larvae, or adult migrations (see 
Scheltema 1986; Hauser and Ward 1998); white shrimp exhibit many of these 
characteristics. Although broad scale homogeneity may occur over space and time, 
temporal or fine scale geographic genetic structuring may also exist, stemming from a large 
variance in the reproductive success of highly fecund organisms (Hedgecock 1994b). 
Again, white shrimp may follow this pattern. The results of this study will add to the 
understanding of the genetics of this species with implications for management. I will test 
the following two alternative but not mutually exclusive hypotheses: 
HI: populations of L. setiferus separated by known biogeographic barriers will be 
genetically distinct due to the effects of genetic drift 
H2: temporal or local geographic variation exists due to sampling effects 
The null hypothesis for both of these is Ho: no genetic differentiation of L. setiferus either 
over time or over the geographic range. 
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MA TERIALS AND METHODS 
Sample Collections 
Shrimp were collected from trawl surveys conducted by the South Carolina Department of 
Natural Resources (DNR), Georgia DNR, North Carolina DNR, National Marine Fisheries 
Service in Louisiana, the Apalachicola Bay National Estuarine Research Reserve, and from 
shrimp boats in Veracruz and Ciudad del Cannen, Mexico (Table 1, Figure 1). Sampling 
locations were selected to cover the primary range of Litopenaeus setiferus and on either 
side of potential barriers to gene flow. If large scale popUlation structure exists, differences 
would be expected to occur between samples separated by known geographic breaks. To 
examine temporal genetic variation, Charleston Harbor, S.C. samples were collected over a 
period of four years from December 1995 to March 1999 and Mississippi River Delta, La. 
samples were collected in 1996 and 1997. Charleston Harbor, S.C. and St Andrews Bay, 
Ga. samples were collected within estuaries, while the remaining samples were collected up 
to 3 km offshore. Shrimp from Louisiana, Texas, and Apala~hee Bay, Fla. were frozen 
and shipped on dry ice to the laboratory while others were brought to the laboratory on ice 
or placed in a preservative solution while still fresh. For each individual, approximately 
0.5 g of muscle tissue from the tail was cut off and placed in a microcentrifuge tube 
containing 1 ml of the preservative solution (8 M urea, 1 % n-IauryI-sarcosine, 20 mM 
sodium phosphate, 1 mM EDT A, pH 6.8). 









Cape Fear, N.C. 
Charleston Harbor, S.C. 
Charleston Harbor, S.C. 
Charleston Harbor, S.C. 
Charleston Harbor, S.C. 
Edisto River, S.C. 
5t. Andrews Sound, Ga. 
Daytona Beach, Fla.a 
Atlantic total 
Gulf 
Apalachee Bay, Fla. 
Mississippi River Delta, La.a 













Collection dates Latitude Longitude 
Oct. 1996 33°47' 77°55' 




Jui. 1996 32°33' 80°49' 
Mar. 1997 30°54' 81 °28' 
Jul. 1996 29°54' 80°48' - 80°49' 
May. 1998 3(f 84° 
Nov. 1996 28°58' - 29°05' 88°57'- 89°02' 















Table 1 continued 
Area Abbreviation Collection dates Latitude Longitude Number of 
Site individuals 
West Delta, La.a LAWD Nov. 1996 29°28' - 29°36' 92°51 ' - 93°00' 95 
Corpus Christi, Tex"a TX Oct 1996 26°54' - 27°49' 97°08' - 97°18' 127 
Cuidad del CanneD, Campeche, MX Jan. 1999 18°22' 91 0 30' 15 
Mexicob 
Tuxpan, Veracruz, Mexicob MX Jan. 1999 20°30' 97°14' 30 
Gulf total 456 
N 
a Several sites within the range of the longitude and latitude noted were combined .. ~ 
b The two samples from Mexico were combined for all subsequent analyses. 
Clonina 
DNA was isolated by binding to and elution from silica beads according to 
Vogelstein and Gillespie (1979) or with standard phenoVchloroform extraction and ethanol 
precipitation (Ausubel 1995). The DNA pellet was air-dried, resuspended in 200 J.11 of 
10 mM Tris-Hel, 1 mM EDTA pH 8.0, and stored at 4°C. Total genomic DNA was 
digested with the restriction endonuclease Dpnll and size-fractionated by electrophoresis on 
1 % agarose gels. Fragments of 500 - 1000 bp were electroeluted and then ligated with T4 
polynucleotide ligase (New England Biolabs, Inc., Beverly, Mass.) into BamHI digested, 
dephosphorylated pUC18 (Amersham Pharmacia, San Francisco, Calif.). The ligated 
plasmids were used to transform DH5-a. cells (Life Technologies Inc., Rockville, Md.) .. 
All enzymatic reactions were performed following the manufacturers' instructions. 
The first cloning endeavor was described in Ball et aL (1998). A genomic library 
was screened with a (GT)15 oligonucleotide end-labeled with [y2p]-ATP, and plasmid 
DNA preparations from positive clones were sequenced manually using Sequenase 2.0 
(Amersham Pharmacia Biotech Inc., San Francisco, Calif .. ) following all the 
manufacturer's protocols for sequencing and denaturing polyacrylamide gel 
electrophoresis. 
The second method was an enrichment protocol based on the hybridization of 
genomic DNA fragments to oligonucleotides bound to nylon filters, elution of an enriched 
pool of fragments, and subsequent ligation and cloning. The preparation of nylon filters 
was based on Karagyozov et at. (1993) and the balance of the enrichment protocol 
followed Annour et al. (1994) as modified by the University of Florida Education Core, 
Interdisciplinary Center for Biotechnology Research, University of Florida. 
The third method was adapted from Kijas et al. (1994) and Waldbieser (1995) by 
V. Buonaccorsi (Virginia Institute of Marine Science) and B. Vadapalas {University of 
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Washington). A genomic library was enriched by hybridization to biotinylated 
oligonucleotides bound to streptavidin-coated magnetic beads. Briefly, about 50 ng of 
genomic DNA fragments were ligated to 150 ng of BamHI digested, dephosphorylated 
pUC18 using T4 DNA ligase. These ligation products were amplified with M13 forward 
(5' GTA AAA eGA eGG CCA GT 3') and reverse (5' AAC AGe TAT GAC CAT G 3') 
primers in 20 JlI reactions containing 0.5 J.1M each primer, 0.2 roM each dNTP, 1c5 mM 
MgCI2, 50 mM Kel, 10 mM Tris-Hel (pH 9.0 at 25°C), 0.10/0 Triton X-IOO, and 1 
unit of Taq DNA polymerase (Promega Corp., Madison, Wis.). Cycling parameters were 
3 min at 94°C; 3 cycles of 1 min at 94 °C, 30 s at 53°C and 1 min at 72 DC; and 
17 cycles of 5 s at 90°C, 30 s at 53°C and 1 min at 72 °C. peR products were 
cleaned by ethanol precipitation. The subsequent asymmetric amplification followed the 
same peR protocol except that only the forward primer was included in the reactions. 
Biotinylated (CCT)g and (GAT A)6 oligonucleotides were attached to Dynabeads M280 
according to the manufacturer's protocol (Dynal Inc., Lake Success, N.Y.). peR products 
were hybridized to these oligonucleotides, washed, and eluted to produce the enriched 
library (Kijas et al. 1994). The enriched fragments were amplified with Mt 3 forward and 
reverse primers. Vector sequences at each end were removed by DpnII digestion and the 
enriched fragments were cleaned with phenoVchlorofolTIl extraction and ethanol 
precipitation. Fragments were purified by gel electroelution and finally ligated into BamHI 
digested, dephosphorylated pUC18 using T4 DNA ligase. The ligation reaction was used 
to transform DHS-a cells. Clones were screened by touching a colony with a toothpick, 
briefly rinsing the toothpick in water, and then stirring the toothpick into a peR mix for 
amplification using the same protocol described just previously. Clones containing an 
insert of at least 300 bp were selected for automated sequence analysis (Medical University 
of South Carolina Biotechnology Core t Charleston, S.C.). 
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Primer Desi2D and Testine 
Clones were selected for further investigation if they contained at least six 
dinucleotide repeat units or four tri- or tetranucleotide repeat units flanked by at least 
20 bp. Primers were designed with the aid of the computer program Primer3 (Rozen and 
Skaletsky 1998) and purchased from Bio-Synthesis, Inc. (Lewisville, Tex.). Published 
primers from L. vannamei (Garcia et al. 1996; GenBank accession numbers AF006631, 
AF006630, and AF006629, Benson et al. 1999), L. stylirostris (Vonau et al. 1999), and 
P. monodon (Brooker et al. 2000) were also tested. Amplifications were optimized by 
modifying the concentrations of MgC12, Taq DNA polymerase, primer, and DNA, and 
changing the annealing temperature or the cycling parameters. Primers and loci were 
designated by "Pse" for "Penaeus setiferus", the clone number, and "F" or "R" for forward 
and reverse primers, respectively (Table 2). 
Technical Analysis 
Radioactive peR reactions for the amplification of total genomic DNA at loci 
Pse28 and Pse36 included 10 ng template DNA, 0.3 J.1M forward and reverse primer, 
0.2 mM each dNTP, 3 mM MgS04, 17 mM (NH4)2S04' 10 mM ~-mercaptoethanol, 
67 mM Tris-HCI (pH 8.8 at 25°C) and 0.25 units Taq DNA polymerase (Promega 
Corp.) in 10 Jll. The forward primer was end-labeled with [y2p]-ATP at 
0.1 JlCi/pmole primer using T4 polynucleotide kinase (New England Biolabs, Beverly, 
Mass.). Cycling parameters were 3 min at 94°C followed by 35 cycles of 40 s at 94°C, 
40 s at the annealing temperature, and 40 s at 72°C. Amplifications were performed in 
Delta I thermal cyclers (Ericomp Inc., San Diego, Calif.). Gel electrophoresis was 
performed as described in Brooker et al. (1994). 
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Table 2 Designations, DNA sequences, repeat units, and annealing temperature or amlpification protocol of 
microsatellite primers, and GenBank accession numbers of microsatellite loeL 
Locus Sequence Repeat Anneal GenBank 
unit accession number 
Pse28F 5' GATCCTTCT AGCTAAATGGG3' (CA) 50°C AF047359 
Pse28R 5' GAT CGAAGGTAA ACTTTA TTATC3' 
Pse36F 5' GACTITGTA TIT TCA TAA ACGCTG3' (GT) 60°C AF047361 
Pse36R 5' CGCTAT ATTTCGCAGTAAGGCTAC3' 
PseC48F 5' eGA CAA GTe ACT CTG CCT GA 3' (GT) 52°CID AF284821 
N 
Vl 
PseC48R 5' CCC AGG CAT ACA GTe ACA GA 3' 
PseG42F 5' ATCTGTTTCCGGAATGATGTCT3' (CCT) 52°CID AF284818 
PseG42R 5' AAC eGG AAC ATe TeA AAA GG 3' 
PselOlF 5' TTC OCT Tee TeA CAT CCT TC 3' (GGA) 52 oCTO AF284819 
PselOIR 5' CAA ACG CAT CCC eGA GAG 3' 
Pse343F 5' GAT CCC Tee TTC CIT eGO 3' (CCYT) 52°CID AF284820 
Pse343R 5' GGA TGG AAG GGA CIT GGA IT 3' 
The sizes of amplification products from Pse28 and Pse36 obtained from 
sequencing gels were scored to the nearest bp by comparison with an M 13 sequencing 
ladder standard. Only scores which varied by 2 bp were observed for these (GT)n loci. 
Fluorescent Loci PselOl, Pse343, PseG42, and PseC48 were amplified from total 
genomic DNA in reactions that included 10 ng template DNA, 0.3 J1M forward and 
reverse primer, 0.2 mM each dNTP, 2 mM MgC12, 50 mM KCl, 10 mM Tris-Hel 
(pH 9.0 at 25°C), 0.1 % Triton X-loo, and 1 unit of Taq DNA polymerase (Promega 
Corp.). The forward primer was purchased from Operon Technologies Inc. (Alameda, 
Calif.) and labeled with one of the fluorescent phosphoramidite dyes 6-FAM (PseC48, 
PselOI), HEX (PseG42, Pse343), or TET (PselOl). These loci were amplified with a 
touchdown protocol designated 52°C TD which was 3 min at 94°C followed by 3 cycles 
of 40 s at 94°C, 40 s at 52°C, 40 s at 72°C; 3 cycles of 40 s at 94°C, 40 s at 50°C, 
40 s at 72°C; 3 cycles of 40 s at 94 °C, 40 s at 48°C, 40 s at 72°C; 3 cycles of 40 s at 
94°C, 40 s at 46°C, 40 s at 72°C; 22 cycles of 40 s at 94°C, 40 s at 45°C, 40 s at 
72°C; and 60 min at 72 DC. Amplifications were performed in an MJ Research thermal 
cycler and mailed to Iowa State University for analysis, where a master mix comprising 2.4 
JlI fotmarnide, 0.5 ~ blue dextran, and 0.6 J.1l GeneScan ... 350 [T AMRA] size standard (PE 
Biosystems, Foster City, Calif.) was added to 1.5 J-lI of each sample. A portion of the final 
mixture (1.3 J11) was separated on a 4.5% polyacrylamide gel on an ABI Prism 377 DNA 
sequencer (Applied Biosystems, Foster City, Calif.). The gel was analyzed, and project 
and sample files were generated using GeneScan software, version 3.1 (Applied 
Biosystems ). 
Data for fluorescent loci were scored using Genotyper Software version 2.1 
(Applied Biosystems). Peak sizes were recorded to the nearest 0.1 bp and then rounded to 
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the nearest bp. Two different labels, 6-FAM and TET, were used with PselOl, and DNA 
from 24 individuals was run with both labels to ensure scoring consistency between the 
labels. In addition, PseC48 was run with two different molecular weight markers 
(GeneScan 350 labeled with either ROX or T AMRA [Applied Biosystems]) and again 
DNA from 24 individuals was repeated to ensure consistency. Some individuals did not 
amplify at one or two loci, but these individuals were still included in the final data set 
because many of the analyses were locus specific. We did not determine the cause of most 
amplification failures but attributed them to DNA degradation, the presence of Taq DNA 
polymerase inhibitors, or null alleles .. 
Statistical Analysis 
Introduction Microsatellite data frequently consist of relatively small sample sizes 
compared to the numbers of alleles and potential genotypes, so typical X 2 tests are not 
appropriate due to many expected values less than 5 (Sokal and Rohlf 1995). Most 
methods to obtain statistically significant estimates of popUlation parameters rely on 
bootstrapping or Markov chain methods (see Weir 1996) and both of these approaches 
were employed. Some analyses were rerun after alleles were binned into four to six classes 
at each locus. Binning the data reduces the effect of a few odd alleles on statistical 
analyses.. It also increases the power of some analyses by increasing the allelic counts at 
each data point. 
Basic Statistics Basic statistics were calculated from GENEPOP version 3.1c 
(Raymond and Rousset 1995b) as implemented for online access by E. Morgan 
(http://wbiomed.curtin.edu.aulgenepop/). Expected heterozygosities were computed using 
Levene's (1949) correction and global estimates of F1S were calculated following Weir and 
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Cockerham (1984). Unbiased estimates of the exact p-values for Hardy-Weinberg tests 
(Louis and Dempster 1987; Rousset and Raymond 1995) were calculated using a Markov 
chain method (Guo and Thompson 1992). All results were corrected for simultaneous 
comparisons using a sequential Bonferroni correction (Rice 1989). Genotypic linkage 
disequilibrium was tested with GENEPOP using an approximation to Fisher's exact test; 
the null hypothesis tested was Ho: genotypes at one locus are independent from genotypes 
at another locus. 
Null Alleles Null alleles are non-amplifying alleles thought to be the result of mutations 
in the primer binding site (Callen et a1. 1993). Individuals carrying one null allele appear to 
be homozygous for the visible allele, while individuals carrying two null alleles do not 
amplify at that locus. The frequencies of null alleles were estimated following Brookfield 
(1996). If the true frequency of an allele is Pi and null allele frequency is r, the observed 
allele frequency is plCl - r). The null allele frequency r can be calculated from Hardy-
Weinberg expectations and was shown to be a maximum-likelihood estimate (Brookfield 
1996). This method assumes that all heterozygote deficiencies are due to null alleles. In 
this study, amplification failures were revisited with fresh DNA preparations, fresh 
solutions, or new cycling conditions, but not all were exhaustively pursued. These failures 
were considered possible artifacts rather than null homozygotes and attributed to faulty 
conditions or degraded DNA preparations. Under these circumstances, I followed the 
recommendations of Brookfield (1996) and used equation 3, r = D/(2 - D) where 
D = (He - Ho)/He' 
Effective Population Size Effective population size, Nt:' is the number of individuals 
that actually contribute genes to the next generation and is almost always smaller than the 
census size N. For theoretical calculations, Ne refers to the number of individuals making 
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up an ideal population which loses genetic diversity due to genetic drift at the same rate as 
the actual population. Precise calculations of Ne are impossible when sample sizes are 
small relative to Ne because of the large variance of the allele frequencies (Nei and Tajima 
1981; Waples and Teel 1990). Nevertheless, estimates of Ne are critical for formulating 
appropriate management policies, and may confinn the loss of genetic diversity in captive 
or wild populations despite recovery of population numbers (Waples and Teel 1990; 
Hedgecock et al. 1992; Fiumera et al. 2000). 
Calculations of Ne also rely on good estimates of the mutation rate J.l and migration 
rate m, and we can calculate only a combined estimate NeJl or Nem. Without independent 
estimates of J..l or m, calculations of NeJl may still be used for comparison within a data set. 
Different estimates of NeJl were calculated following methods fonnulated for the lAM: and 
SMM. Kimura and Crow (1964) showed 4NeJ..l = H/(1 - He) following lAM 
assumptions, and Ohta and Kimura (1973) showed that under equilibrium conditions and 
assuming the SMM, heterozygosity is related to Ne as Ne = [1/(1 - He)2 - 1]/811. 
Chakraborty and Neel (1989) developed an iterative procedure based on Ewens' (1972) 
sampling fonnula to calculate relative estimates of both J..l and Ne for several populations 
scored at several loci. I carried out these calculations using a Microsoft Excel spreadsheet. 
The geometric mean of Jl was reset to 10.4 after each iteration in order to reach 
convergence, and a total of 17 iterations was done. Changes in Ne were less than I and 
changes in J.lless than 1 x 10-5 after 10 iterations. This procedure assumes no migration, 
popUlations in equilibrium and panmictic within themselves, and that mutation rate is 
constant across samples and Ne constant across loci. Clearly only the latter two of these 
assumptions are likely to have been met, but the relative magnitude of Ne across samples is 
still valid. 
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Population Differentiation To test the null hypothesis of identical allele distributions 
across populations, an unbiased estimate of the significance of Fisher's exact test was 
calculated as described in Raymond and Rousset (1995a) and Goudet et al. (1996) using 
GENEPOP. Pairwise comparisons of all loci were done and combined across loci using 
Fisher's method for combining test results in which X2 = -2 L In(pi) is a chi-square 
i=l 
variate with 2n degrees of freedom (d.f) (Manly 1985). 
F-statistics (F1s' FIT' and F SF) introduced by Wright (1951) examine population 
structure based on total genetic variation, Frr = 1- h ; genetic variation among 
2p(1-p) 
2 -
populations, PsT = _ cr p _ ; and variation within populations, F;s = 1 - _ hi _ ,The 
p(1-p) 2pj(I-Pi) 
three parameters are related to each other by the following: 1- Frr == (1- F;s )(1- Fsr) (Nei 
1965), As described by Wright, these parameters are sensitive to variations in (and 
inequalities of) sample size, numbers of populations, mUltiple alleles, and levels of 
heterozygosity. Weir and Cockerham (1984) developed weighted estimators for these 
parameters and proposed a method for combining information over alleles and loci. 
F-statistics are routinely used for apportioning variance in allele frequencies among and 
within populations. 
RST was developed as a counterpart to FST but assumes a generalized stepwise 
mutation process and is independent of J.l (Slatkin 1995), Slatkin defined RST = S - Sw 
S 
where S is twice the estimated variance in allele size for populations together and Sw is 
twice the average of the estimated variances of allele size within each population. Rsr 
underestimates differentiation when mutations deviate from the SMM (Balloux et al. 2000). 
As demonstrated by Wright (1978) earlier, several authors have recently pointed out 
that F ST is the correct measure for differentiation only under conditions of low allelic 
diversity and when mutation patterns follow the lAM, implying that identical alleles are 
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identical by descent (Nei 1987; Nagylaki 1998; Hedrick 1999; Balloux et al. 2000). 
Clearly, few of these assumptions hold for a microsatellite-based population study, and 
these authors have demonstrated that F ST values calculated from data based on highly 
polymorphic genetic markers (J.1 = 10.2 or 10.3) underestimate population differentiation. 
Therefore, F- and R-statistics were computed with the understanding that their application 
to microsatellite data compared to either allozyme or mtDNA data will underestimate the 
variance among populations. 
F- and R-statistics were calculated using GENEPOP. A weighted average over loci 
was calculated by averaging numerators and denominators separately before taking the 
ratio, following Weir and Cockerham (1984). The null hypothesis PsT = 0 was assessed 
by a chi-square test where X2 = 2NFST (k -1), d.!. = (k -1)(s -1), where N is the total 
number of individuals sampled, k is the number of alleles, and s is the number of 
populations (Workman and Niswander 1970). The null hypothesis F;s = 0 was also 
evaluated by a chi-square test where X2 = (~/)N(k -1), d.t. = k(k -1) , and Nand k are 
2 
as described for F ST (Li and Horvitz 1953). The unbiased standardized estimate for 
SlatkinJs Rsr (Slatkin 1995; Goodman 1997) for pairwise comparisons was calculated with 
micros at, the microsatellite distance program, (E. Minch, available from 
http://human.stanford.edulmicrosat/microsat.html) and bootstrapped over loci. 
The distance measure {OJl)2 = (J.1A - J.1B)2, where J.1A and flB are the means of allele 
size in populations A and B, was developed by Goldstein et a1. (1995). It is based on 
differences in allele sizes due to genetic drift and assumes the SMM. (0J.1)2 has been shown 
to be approximately linear with time for thousands of generations under the assumptions of 
mutation-drift equilibrium and is independent of population size. 
Nei (1972) defined the normalized identity of genes between populations, and 
related it to the accumulated number of gene differences per locus. The probability of 
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identity of two randomly chosen genes is jx = u/ in population X,jy = LYi2 in 
population Y, and from X and YisjXY = LxiY;" Ij = jx/(ixiy) 112 at locusj. Over all loci, 
lx, Jy, and JXyare the arithmetic means of jx,jy, andjXY respectively, and 1= Jx!(Jx!y)ll2. 
Finally, genetic distance D = -In(l). Nei's D is approximately linear with time (t) for 
moderately large t under the lAM (Nei 1987). The average bootstrapped values for (011)2 
and Nei's D (unbiased for small sample sizes, Nei 1978) were calculated from microsat. 
These values were input into PHYLIP for UPGMA analysis (Felsenstein t 1993). 
Review and comparisons A number of studies have compared the performance of 
various measures of population structure applied to micro satellite data under a number of 
different conditions. Ruzzante (1998), using data collected from a large number of cod 
larvae, examined the effects of sample size, number of loci, number of alleles, and range in 
allele size on the bias and variance of several measures of population structure. (0J.t)2 
(Goldstein et aI. 1995), the stepwise weighted genetic distance Dsw (Shriver et al. 1995), 
Rsr(Slatkin 1995) and F STas calculated by Weir and Cockerham (1984) perfonned the 
best. Takezaki and Nei (1996) examined a number of distance measures in a simulation 
study and concluded that those which were independent of mutation model, such as chord 
distances, were best at obtaining correct tree topologies, while SMM-based measures were 
better at detennining branch lengths. Angers and Bematchez (1998) applied the results of 
Takezaki and Nei's (1996) simulation study to 26 brook charr (Salvelinusfontinalis) 
populations. They also concluded that the chord distance DeE (Cavalli-Sforza and Edwards 
1967) formed the better tree, while (OJ.l)2 estimated branch lengths more effectively, and 
combined the two to compose a hybrid tree. 
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In this study, population substructure and genetic distances were estimated by a 
variety of measures designed to cover the range of assumptions and models. Ideally, a 




Efficiency of different approaches Several different approaches were taken 
for the identification of microsatellites for Litopenaeus setiferus (Table 3). Amplification of 
L. setiferus DNA with microsatellite primers from other penaeids (L. vannamei, 
L. stylirostris, and P. monodon) resulted in no amplification, monomorphic alleles, 
mUltiple single bp mutations, excessive stuttering or complex amplification products, and 
ultimately none were chosen. Experimental approaches for developing L. setiferus 
microsatellites started with either enriched or unenriched genomic libraries. 
For the first attempt, an unenriched library was screened for (GT)n microsatellites 
(Ball et al. 1998). This method is standard and simple, and has been used successfully for 
many organisms (for example, Weber 1990; Estoup et al. 1993; Brooker et al. 1994). 
Even so, the requirement for screening a multitude of filters with labeled probes makes this 
procedure technically inefficient. The difficulty with many microsatellite loci identified 
during this first screen was their extreme length (several repeat regions stretched for 
hundreds of bp, data not shown) which made them unsuitable for both technical and 
analytical reasons. 
In subsequent experiments, enriched libraries produced more positive clones 
(defined as clones containing repeat sequences) with less effort. I still sequenced a high 
percentage of unsuitable loci, generally because of extensive and complex repeat regions 
(for example, CCT repeats flanked by CT rich sequences; these are classified in Table 3 as 
repeats, no primers). Initially a genomic library was enriched by hybridization to repeat 
Table 3 Microsatellite cloning procedures and results 
Number of clones sequenced 
No primers developed 
Duplicate clones 
No repeats 
Repeats, no primers 
Primers attempted 
Difficult to score 
Monomorphic 
Extreme heterozygote deficiency 






























a Filters were screened with (GT) 15 end-labeled with [y 32p]_ATP (Ball et al. 1998). 
b Oligonucleotides bound to the filters included (GAGT)6' (ACC)s' (ACG)s' AGG)g, 
(CTT)s' (CTTT)6' and (GTT)so 
C Biotin-labeled oligonucleotides were (GATA)6 and (CCT)s' 
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sequences bonded to nylon filters. As other researchers have found (Ginger Clark, 
personal communication), the attachment of the repeat sequences to the filters was not 
reproducible, filter washes requiring several days were tedious, and a high percentage of 
the clones was duplicated in the library. The third method, use of magnetic beads and 
streptavidinlbiotin complex formation, was the most efficient. The sequences of the 
microsatellite loci used for this study are given in Appendix A. The repeat sequence of 
Pse101 was contained larger repeats within the repeat region, Pse343 contained both 
(CTTT) and (CCTT) motifs, and the (GT) repeat of PseC48 was interrupted in several 
places, but the other three loci contain perfect simple repeat sequences. 
Microsatellite density in the genome The number of microsatellite arrays present in 
the L. setiferus genome was estimated from the screen of the unenriched library. Twenty 
microsatellite arrays were found in a screen of approximately 1,440,000 bp (20 plates x 
200 colonies per plate x average clone length of 360 bp), or 1 every 72,000 bp. Given an 
approximate genome size of 2.1 x 109 bp in shrimp (Chow et al. 1990), this translates to 
290,000 (GT)n arrays per genome. This is comparable to the values obtained in most but 
not all other studies of penaeid microsatellites. (For the following estimates, only loci with 
at least six repeat units were considered.) For example, in P. monodon Tassanakajon et 
al. (1998) and Brooker et al. (2000) found 1 per 93,000 to 120,000 bp, while Xu et al. 
(1999) found 1 per 2,500 bp. The different estimates are probably due to different 
identification protocols: Xu et al. (1999) simply sequenced clones from a genomic library, 
while the other researchers did screen. 
Statistical Analysis 
Gene Diversity A wide range of gene diversities and allele sizes were noted among the 
loci (Appendix B, Figure 2, Table 4). Gene diversity ranged from 0.163 for Pse343 to 
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0.975 for Pse28 and averaged 0.687. The number of alleles ranged from 10 (PseG42 and 
Pse343) to 76 (Pse28) and averaged 33. No linkage disequilibrium was detected. 
Loci Pse28, Pse36 and PseG42 had relatively unimodal allele frequency 
distributions while PseC48 displayed a bimodal frequency distribution (Figure 2). The 
observed alleles for PseC48, PseG42, PselOl, and Pse343 evidently resulted from 
mutations other than simple repeat unit deletions or insertions. The bimodal distribution for 
PseC48 probably resulted from an insertion or deletion in the flanking region. The two 
major alleles for PselOl differed by 6 bp, not the 3 bp expected from the sequence data, 
and the 10 alleles from Pse343 ranged from 195 to 298, again not consistent with the 4 bp 
step expected from the sequence (Appendix A). Alleles differing by a single bp at loci 
PseG42 and Pse343 were clearly scored and must also have resulted from mutations other 
than simple repeat unit changes. 
Significant departures from Hardy-Weinberg equilibrium (in most cases 
heterozygote deficiencies) were observed at 15 of 84 locus/sample combinations, and at 5 
of the 6 loci for all individuals combined (Table 4). The heterozygote deficiency could 
have resulted from null alleles, aneuploidy or assortative mating (not known to occur in 
L. setiferus), or population substructure (Wahlund effect). Microsatellite loci containing 
dinucleotide repeats often stutter due to PCR amplification of not only the true allele but 
those shorter by one or several repeat units. This scoring mistake may lead to an artifactual 
heterozygote deficiency if individuals carrying alleles differing by one repeat unit were 
scored as homozygotes. This effect was not apparent in this data set. In addition, when 
the data were binned into 4 to 6 alleles per locus, the heterozygote deficiency remained, 
again suggesting that scoring artifacts were not responsible for this result. (See 
Appendix C for additional discussion and analysis of these potential artifacts.) 
Heterozygote excesses were observed only at Pse343 (11 of 14 samples and overall), 
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Table 4 Basic allele statistics for each sample and for all L. setiferus combined. 
N number of individuals scored; k number of alleles observed in that sample; Ho 
observed heterozygosity; He expected heterozygosity (unbiased estimate, Nei, 1978); 
p probability of deviation from Hardy-Weinberg equilibrium when HI == heterozygote 
deficiency or heterozygote excess; * significant at alpha = 0.05 when sequential Bonferroni 
correction is applied; FIS (for single samples) and FIT (for combined samples), designated F 
in the table, were calculated according to Weir and Cockerham (1984). 
Pse28 
NC SCCH95 SCCH97 SCCH98 SCCH99 seER GA FLDB 
N 68 105 89 94 85 71 96 119 
k 47 50 49 53 53 50 48 50 
Ho 0.647 0.733 0.719 0.777 0.824 0.761 0.802 0.773 
He 0.974 0.972 0.976 0.975 0.976 0.978 0.971 0.974 
p 0.017 < 0.001 * 0.018 < 0.001 * 0.006 < 0.001 * O~048 < 0.001 * 
F 0.337 0.246 0.264 0.204 0.157 0.223 0.175 0.207 
~ 
t.Il 
FLAB LAMR96 LAMR97 LAWD TX MX Combined 
samples 
N 71 36 69 90 121 40 1160 
k 45 34 44 50 57 37 76 
Ho 0.718 0.639 0.826 0.711 0.685 0.675 0.741 
He 0.973 0.937 0.970 0.974 0.975 0.970 0.975 
p < 0.001 * < 0 .. 001* 0.006 0.003 < 0.001* 0.032 < 0.001 * 
F 0.263 0.347 0.149 0.271 0.298 0.307 0.240 
Allele size range 128 - 288 
Table 4 continued 
Pse36 
NC SCCH95 SCCH97 SCCH98 SCCH99 SeER GA FLDB 
N 68 100 90 93 89 71 95 119 
k 24 25 25 21 24 20 22 25 
Ho 0.882 0.760 0.811 0.839 0.753 0.817 0.758 0.807 
He 0.884 0.856 0.874 0.879 0.834 0.879 0.831 0.875 
p 0.790 0.290 0.027 0.095 0.001 0.235 0.069 0.361 
..;::... F 0.002 0.113 0.072 0.046 0.098 0.071 0.089 0.079 
0\ 
FLAB LAMR96 LAMR97 LAWD TX MX Combined 
samples 
N 73 36 75 93 125 45 1172 
k 22 17 17 20 24 18 32 
Ho 0.726 0.806 0.827 0.871 0.832 0.844 O~808 
He 0.854 0.883 0.849 0.858 0.865 0.886 0.863 
p < 0.001 * 0.002 0.077 0.033 0.233 0.399 < 0.001 * 
F 0.150 0.089 0.026 -0.015 0.038 0.048 0.065 
Allele size range 87 - 163 
Table 4 continued 
PseC48 
NC SCCH95 SCCH97 SCCH98 SCCH99 SCER GA FLDB 
N 67 103 90 90 92 71 98 115 
k 22 21 25 24 27 22 21 27 
Ho 0.821 0.767 0.800 0.622 0.848 0.761 0.755 0.809 
He 0.869 0.837 0.853 0.864 0.892 0.844 0.847 0.846 
p 0.722 0.029 0.488 < 0.001 * 0.233 0.291 0.012 0.387 
+':-. 
F 0.055 0.084 0.063 0.281 0.050 0.099 0.109 0.045 
~ 
FLAB LAMR96 LAMR97 LAWD TX MX Combined 
samples 
N 69 32 72 91 121 43 1154 
k 20 19 21 26 31 18 52 
Ho 0.797 0.844 0.722 0.758 0.760 0.884 0.774 
He 0.819 0.895 0.858 0.875 0.824 0.859 0.853 
p 0.121 0.355 0.009 0.077 0.472 0.614 0.005 
F 0.027 0.058 0.160 0.134 0.077 -0.029 0.092 
Allele size range 146 - 292 
Table 4 continued 
PseG42 
NC SCCH95 SCCH97 SCCH98 SCCH99 SeER GA FLDB 
N 68 100 76 90 97 69 91 112 
k 7 6 7 7 10 5 6 4 
Hos 0.515 0.520 0.526 0.444 0.485 0.493 0.516 0.464 
He 0.568 0.541 0.603 0.539 0.536 0.565 0.594 0.554 
p 0.164 0.128 0.048 0.016 0.120 0.129 0.256 0.118 
+:a. F 0.094 0.039 0.128 0.176 0.096 0.128 0.132 0.162 
00 
FLAB LAMR96 LAMR97 LAWD TX MX Combined 
samples 
N 71 35 75 90 120 44 1138 
k 5 4 5 6 7 4 10 
Ho 0.592 0.543 0.467 0.489 0.525 0.568 0.505 
He 0.589 0.571 0.579 0.587 0.583 0.607 0.569 
p 0.374 0.084 0.141 0.177 0.034 0.504 < 0.001 * 
F -0.005 0.051 0.195 0.168 0.100 0.064 0.114 
Allele size range 114 - 138 
Table 4 continued 
PselOl 
NC SCCH95 SCCH97 SCCH98 SCCH99 SeER GA FLDB 
N 65 93 85 91 100 66 92 110 
k 8 9 8 9 8 8 7 9 
Ho 0.477 0.419 0.553 0.604 0.540 0.576 0.446 0.586 
He 0.667 0.651 0.622 0.626 0.618 0.697 0.623 0.662 
p < 0.001 * <0.001* 0.007 0.720 0.194 0.002 < 0.001* < 0.001 * 
~ 
F 0.286 0.357 0.112 0.035 0.127 0.175 0.286 0.116 
\0 
FLAB LAMR96 LAMR97 LAWD TX MX Combined 
samples 
-
N 71 33 69 91 120 45 1132 
k 10 5 6 9 11 7 19 
Ho 0.606 0.394 0.551 0.505 0.500 0.800 0.535 
He 0.644 0.570 0.616 0.637 0.615 0.603 0.639 
p 0.355 0.015 0.001 < 0.001 * 0.088 0.012 < 0.001 * 
F 0.060 0.312 0.107 0.208 0.187 -0.332 0.163 
Allele size range 121 - 260 
Table 4 continued 
Pse343 
NC SCCH95 SCCH97 SCCH98 SCCH99 SeER GA FLDB 
N 66 94 90 93 98 68 92 115 
k 4 5 6 5 5 5 4 4 
Ho 0.152 0.181 0.133 0.183 0.089 0.206 0.098 0.183 
He 0.184 0.170 0.128 0.172 0.092 0.193 0.095 0.179 
p 0.104 1 1 1 1 1 1 0.670 
F 0.179 -0.063 -0.039 -0.062 -0.026 -0.068 -0.030 -0.018 
Ul 
0 
FLAB LAMR96 LAMR97 LAWD TX MX Combined 
samples 
N 74 32 67 92 125 45 1151 
k 5 6 6 5 5 3 10 
Ho 0.135 0.344 0.119 0.272 0.184 0.111 0.166 
He 0.154 0.335 0.116 0.248 0.187 0.108 0.163 
p 0.221 0.693 1 1 0.600 1 0.987 
F 0.124 -0.026 -0.031 -0.097 0.016 -0.033 -0.014 
Allele size range 195 - 298 
Null Alleles Many evolutionary processes are related to deviations from Hardy-
Weinberg equilibrium, and it was important to try to separate heterozygote deficiencies due 
to null alleles from those due to relevant biological effects. Null alleles are thought to result 
from mutations in the primer sites such that a primer no longer binds to its complement 
(Callen et aL 1993). It is difficult to prove experimentally that presumed homozygotes 
(perhaps one visible, one null allele) or no amplification product (possible null 
homo zygotes) result from the occurrence of null alleles. The simplest method for 
experimentally inferring the presence of null alleles is the detection of departures from 
Mendelian inheritance in pedigree analysis (for example~ Callen et aI. 1993; Moore 2000). 
However, if the incidence of null alleles is high enough, in an experiment this large 
there is a significant likelihood that null homozygotes would have been observed. Indeed I 
observed no amplification a number of times (20 - 40 individuals per locus, from the total 
data set of 1192 individuals). Some of these instances of non-amplification may have been 
due to tissue degradation, DNA degradation, random peR failure or other artifacts, and 
were abandoned after two or more attempts. Exhaustive and futile efforts were made to 
amplify Pse28 or Pse36 for two or three individuals in which the other five loci were easily 
amplified, strongly suggesting the presence of null homozygotes in at least these instances. 
Because some peR failures were considered possible artifacts, I calculated null 
alleles from the equation that assumes the presence of zero-banded individuals as possibly 
artifactual (Brookfield 1996). The calculated frequency of null alleles ranged from 0 
(Pse343) to 0.136 (Pse28) and averaged 0.061 (Table 5)., This calculation assumes that 
heterozygote deficiencies are due entirely to null alleles and not to population substructure. 
The high levels of gene diversity did not obscure results from calculations of null alleles 
since binning the data had no effect (Appendix C). 
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Table 5 Frequency of null alleles 
all samples average mIn - max. 
combined of all samples 
Pse028 0.136 0.140 + 0.039 0.080 - 0.202 
Pse036 0.033 0.034 ± 0.023 -0.008 - 0.081 
PseC48 0.048 0.058 ± 0.032 -0.003 - 0.107 
PseG42 0.060 0.046 + 0.042 -0.014 - 0.163 
PselOl 0.089 0.087 + 0.088 -0.140 - 0.217 
Pse343 -0.006 -0.003 ± 0.039 -0.046 - 0.095 
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Effective Population Size and Mutation Rate The two parameters Ne and f.1 are 
linked as the product NeJl when calculated from gene diversity values. Here, Ne was 
calculated assuming a mutation rate of 10-4 for all loci (based on published estimates in 
other taxa, see Introduction), If the average mutation rate were as high as 10-3 or 10-2, Ne 
estimates would go up by a factor of 10 or 100, respectively. The effective population size 
was approximately 20,000 when calculated using either of the two fonnulas based on the 
lAM (Table 6A). Calculations which assumed the SMM resulted in estimates an order of 
magnitude higher, about 300,000. Estimates based on all samples combined were not 
different from individual averages. The average J..l was fixed at 10.4, and relative mutation 
rates for each locus were calculated according to Chakraborty and Neel (1989) (Table 6B). 
These estimates ranged over an order of magnitude from 2 x 1 O~5 for Pse343 to 3 x 10-4 for 
Pse C48. 
Geographic Differentiation For each locus, 91 pairwise comparisons of allele 
frequency distributions were performed (a total of 546 pairwise comparisons for all 6 loci 
and all 14 samples) (Appendix D). One comparison at Pse28 and three comparisons at 
Pse 101 were significant at p < 0.05 after a sequential Bonferroni correction for 91 
simultaneous tests. (Ho: among any pairwise comparison with each separate locus, there 
are no significant differences; HI: among any pairwise comparison with each separate 
locus, there are significant differences.) When probabilities were combined across loci, six 
comparisons involving Charleston Harbor, S.C., Jan. 1998; Charleston Harbor, S.C., 
Mar. 1999; Mississippi River Delta, La., 1996; Mississippi River Delta, La., 1997; West 
Delta, La.; Texas; or Mexico were statistically significant (Table 7). Four of these 
comparisons were between Atlantic and Gulf samples, while two were between Gulf 
samples. When the data were binned three significant comparisons remained involving 
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Charleston Harbor, S.C., Mar. 1999; Mississippi River Delta, La. 1996; Mississippi River 
Delta, La., 1997; or Texas (Appendix C). 
Except for locus Pse36, where most of the significant differences occurred between 
Atlantic and Gulf samples, no bias existed for differences between the Gulf and the Atlantic 
rather than within either one. These results were confirmed by the comparisons of allele 
frequency distributions of combined Gulf samples and combined Atlantic samples, where 
the only significant difference after Bonferroni correction was at locus Pse36 (Table 8). 
Pse28 and Pse 1 01 would have been significant without the correction. Analysis of binned 
data revealed equivalent results (Appendix C). 
F statistics demonstrated the low level of geographic structure in these samples 
coupled with the high levels of variation within samples (F1S) as a proportion of total 
genetic variation (F rr) (Table 9; see Appendix C for the same results after the calculations of 
F-statistics with binned data). Pairwise F ST and Rsr values supported the observation of 
little genetic variation between samples (Table 10). Comparisons involving Mississippi 
River Delta, La., 1996, resulted in higher F ST values in general. RST values were generally 
negative, and the largest Rsr value was between the two samples collected off the 
Mississippi River Delta, La. in 1996 and 1997. 
Genetic distance measures also confirmed these observations (Table 11). 
Bootstrapped values for Nei's D and (Otl)2 were all low: Nei's D averaged 0.007 and 
(Bfl)2 averaged 0.744. However, in this case, comparisons involving Mississippi River 
Delta, La. t 997 t resulted in the highest values for {Ofl)2. This was due to extremely high 
values for Pse28 (which averaged 12, analysis not shown, cf. allele frequency distributions 
in Figure 2A). UPGMA dendograms of Nei's D to a large extent grouped the Atlantic 
samples separately from the Gulf samples (Figure 3). Even so, values for Nei's D were 
very small, and bootstrapping showed that most groupings were supported less than 50% 
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of the time (analysis not shown). UPGMA analysis of (bJ.1)2 only revealed the separation 
of the Mississippi River Delta, La .. , 1997 sample from the others. 
Temporal or Local Differentiation Very little genetic variation between samples was 
observed with any measure, and genetic variation among samples collected from 
Charleston Harbor over a period of four years followed this pattern. The data showed as 
much (or as little) variation among these four samples as among all the samples. The two 
collections from the Mississippi River Delta from 1996 and 1997 were very different from 
each other. The pattern of differentiation among the samples was not geographically 
structured. A few samples, namely Charleston Harbor, S.C., Mar. 1999, the two 
Mississippi River Delta samples, Texas and Mexico were involved in more significant 
comparisons than the others, whether measured by allele frequency differences or distance 
measures. 
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Table 6A Calculations of Ne under the assumptions of lAM or SMM 
IAMa IAMb SMMc 
Sample 
NC 21,100 23,100 338,000 
SCCH95 18,400 20,500 285,000 
SCCH97 19,800 23,700 386,000 
SCCH98 19,400 23,200 360,000 
SCCH99 22,300 23,500 389,000 
SeER 19,800 25,000 456,000 
GA 15,900 19,800 266,000 
FLDB 17,200 22,000 332,000 
FLAB 18,700 20,600 304,000 
LAMR96 20,100 23,000 88,000 
LAMR97 15,200 19,700 253,000 
LAWD 18,800 22,300 334,000 
TX 20,400 22,200 53,000 
MX 22,900 20,700 260,000 
Combined over samples 22,800 356,000 
Average ± SD 19,300 ± 2,200 21,500 ± 2,700 314,000 ± 86,000 
a Iterative procedure; mutation rate was assumed to remain constant 
over populations and Ne was assumed to remain constant over loci 
(Chakraborty and Neel 1989). Geometric mean of Il was fixed at 10-4 " 
This method does not produce an estimate of Ne over all samples. 
b 4Nefl = H/(l - HeJ (Kimura and Crow 1964); fl was fixed at 10-4• 
C SNeJ..l = [1/(1 - He) ] - 1 (Ohta and Kimura 1973); Jl was fixed at lO-4~ 
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Table 6B Locus specific estimates for Jl calculated from 
Chakrabortl' and Nee} (1989). Geometric mean of J..l was 









Table 7 Probability of allele frequency differences combined across all loci 
Multilocus p values are shown. See Table 1 for sample abbreviations. The lines within the 
table separate the Gulf and Atlantic samples. * Significant at p < 0.05 after Bonferroni 
correction. For summary purposes, the number of significant comparisons of samples 
within or between the Gulf or Atlantic are listed below [(number of comparisons) with, 
without Bonferroni correction for 91 simultaneous tests]: 
Within Atlantic, (28) 0, 4; between Gulf and Atlantic, (48) 4, 26; within Gulf, (15) 2, 7 
NC SCCH95 SCCH97 SCCH98 SCCH99 ER GA FLDB FLAB LAMR96 LAMR97 LAWD TX 
NC 
SCCH95 0.068 
SCCH97 0.140 0.152 
SCCH98 0.269 0.342 0.083 
SCCH99 0.015 0.298 0.080 0.156 
seER 0.288 0.354 0.387 0.090 0.031 
Ul GA 0.067 0.271 0.618 0.256 0.071 0.121 \0 
FLDB 0.039 0.473 0.438 0.006 0.022 0.338 0.186 
FLAB 0.031 0.474 0.295 0.014 0.026 0.382 0.221 0.008 
LAMR96 0.057 0.008 0.082 O~OO2 < 0.001" 0.013 0.002 0.003 0.024 
LAMR97 0.003 0.016 0.428 0.003 0.066 0.024 0.082 0.014 0.093 < O~OOl+ 
LAWD 0.019 0.077 0.109 0.067 < 0.001* 0.204 0.002 0.064 0.252 0.089 0.006 
TX 0.002 0.037 0.295 < o.oor~ < 0.001· 0.107 0.080 0.057 0.334 0.018 0.017 0.393 
MX 0.007 0.080 0.065 0.001 0.012 0.409 0.092 0.024 0.416 < 0.001* 0.095 0.035 0.340 
Table 8 Allele frequency differences between the Atlantic and 
the Gulf of Mexico. Only Pse36 differences were significant 
after a sequential Bonferroni correction 
Locus p standard error 
Pse28 0.024 0.008 
Pse36 < 0.001 < 0.001 
PseC48 0.388 0.025 
PseG42 0.064 0.008 
PselO1 0.011 0.003 
Pse343 0.269 0.015 
60 
Table 9 F- and R-statistics for all samples 
Locus F IS Frr FST RST 
Pse028 0.240·*· 0.240 O.OOONS -0.001 
Pse036 O.064NS 0.065 O.OOI NS 0.004 
PseC48 O.092NS 0.092 -0.001 NS -0.004 
PseG42 0.114 *.* 0.113 -O.OOINS -0.003 
PselOl 0 .. 157"'·· 0.163 0.007* -0.001 
Pse343 -O.017NS -0.013 O.OO3NS -0.002 
All loci O,,131 NS 0.132 O.OO2NS -0.003 
NS Not significant 
* Significant at p < 0.05 
••• Significant at p < 0.001 
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Table 10 Variance measures for all pairwise comparisons: RST (lower left triangle) and 
F ST (upper right triangle). See Table 1 for sample abbreviations. The lines within the table 
separate the Gulf and Atlantic samples. For summary purposes, the average and standard 
deviation (SD) for the distance measures for pairwise comparisons of samples within or 
between the Gulf or Atlantic are listed here: 
RST: within Atlantic, -0.003 (0.002); between Gulf and Atlantic, -0.003 (0.002); within 
Gulf, -0.001 (0.008) 
FST: within Atlantic, 0.003 (0.002); between Gulf and Atlantic, 0.007 (0.006); within 
Gulf, 0.009 (0.007) 
NC SCCH SCCH seeR SCCH seER GA FLDB FLAB LAMR LAMR LAWD TX MX 
95 97 98 99 96 97 
NC 0.002 0.004 0.002 0.006 0.002 0.004 0.002 0.005 0.013 0.005 0.003 0.005 0.010 
SCCH95 .. 0.005 0.004 0.002 0.004 0.001 0.002 0.001 0.001 0.018 0.003 0.005 0.004 0.005 
SCCH97 -0.002 -0.003 0.006 0.010 0.004 0.002 0.002 0.002 0.010 0.005 0.004 0.002 0.007 
SCCH98 -0.004 -0.005 .. 0.002 0.004 0.002 0.004 0.003 0.005 0.021 0.004 0.005 0.007 0.009 
SCCH99 0.000 -0.002 0.001 .. 0.003 0.006 0.006 0.006 0.008 0.032 0.005 0.011 0.013 0.008 
seER .. 0.007 .. 0.006 -0.004 .. 0 JX)6 ~O.OO3 0.004 0.001 0.003 0.018 0.005 0.005 0.004 0.006 
0\ GA -0.004 -0.004 .. 0.002 -0.003 -0.003 .. 0.005 0.002 0.002 0.017 0.003 0.006 0.004 0.006 w 
FLDB ·0.003 -0.004 -0.002 -0.003 -0.001 .. 0.004 -0.003 0.002 0.015 0.004 0.004 0.003 0.006 
FLAB -0.005 -0.005 -0.005 .. 0.004 -0.002 -0.005 -0.005 -0.004 0.015 0.003 0.004 0 .. 002 0.003 
LAMR96 -0.004 -0.006 -0.005 -0.006 -0.001 -0.002 -0.004 -0.005 0.001 0.024 0.009 0.012 O~O26 
LAMR97 0.000 -0.001 -0.001 -0.002 .. 0.003 -0.004 -0.002 -0.002 -0.001 0.023 0.006 0.006 0.005 
LAWD -0.005 -0.003 -0.002 -0.003 0.002 -0.004 -0.002 -0.003 -0.005 -0.008 0.001 0.003 0.011 
TX -0.003 .. 0.003 -0.003 -0.003 0.000 -0.004 -0.002 -0.003 -0.004 -0.006 0.001 -0.004 0.008 
MX 0.004 -0.005 -0.007 -0.006 -0.004 -0.001 -0.004 -0.004 0.000 -0.003 0.005 -0.004 .. 0.006 
Table 11 Genetic distance measures for all pairwise comparisons: (OJ.l)2 (lower left 
triangle) and Nei's D (upper right triangle). See Table 1 for sample abbreviations. The 
lines within the table separate the Gulf and Atlantic samples. For summary purposes, the 
average and standard deviation (SD) for the distance measures for pairwise comparisons of 
samples within or between the Gulf or Atlantic are listed: 
(811)2: within Atlantic, 0.309 (0.217); between Gulf and Atlantic, 0.784 (0.740); within 
Gulf, l.445 (1.275) 
Nei's D: within Atlantic, 0.001 (O.OO5); between Gulf and Atlantic, 0.008 (0.011); within 
Gulf, 0.011 (0.013) 
NC SCCH seeR seCR SCCH seER GA FLDB FLAB LAMR LAMR LAWD TX MX 
96 97 98 99 96 97 
NC 0.000 0.001 -0.001 0.007 -0.003 0.001 -0.001 0.003 0.018 0.004 0.002 0.007 0.015 
SCCH96 0.118 0.001 -0.002 0.003 -0.006 -0.003 -0.003 -0.003 0.027 0.001 0.005 0.004 0.002 
SCCH97 0.457 0.187 0.007 0.016 -0.001 -0.003 -0.002 -0.002 0.007 0.003 0.002 -0.002 0.006 
SCCH98 0.293 0.058 0.076 0.003 -0.004 0.002 0.002 0.006 0.034 0.003 0.004 0.011 0.013 
SCCH99 0.554 0.588 0.773 0.545 0.005 0.007 0.008 0.012 0.054 0.005 0.015 0.025 0.011 
SCER 0.276 0.111 0.104 0.039 0.385 -0.001 -0.004 -0.003 0.028 0.002 0.004 0.002 0.001 
0\ GA 0.213 0.052 0.310 0.099 0.593 0.148 -0.001 -0.002 0.019 0.001 0.006 0.004 0.006 Vt 
FLDB 0.714 0.371 0.227 0.164 0.559 0.117 0.311 0.000 0.023 0.004 0.005 0.004 0.007 
FLAB 0.274 0.162 0.504 0.348 1.287 0.516 0.222 0.896 0.019 0.001 0.003 -0.002 -0.003 
LAMR96 0.400 0.641 0.682 0.751 0.752 0.644 0.983 1.230 1.029 0.037 0.011 0.018 0.041 
LAMR97 3.361 2.527 1.846 1.878 2.303 1.752 2.263 0.986 3.538 4.024 0.005 0.008 0.003 
LAWD 0.138 0.017 0.164 0.076 0.735 0.134 0.085 0.395 0.136 0.649 2.569 0.002 0.016 
TX 0.214 0.137 0.120 0.109 0.377 0.076 0.284 0.334 0.528 0.312 2.321 0.160 0.009 
MX 1.041 1.046 0.731 0.863 0.499 0.656 1.314 0.885 1.906 0.462 2.492 1.119 0.437 
DISCUSSION 
Population Genetic Analysis of LitoIJenaeus setiferus 
Summary of Results Six polymorphic microsatellite loci were developed for 
L. setiferus. These loci were for the most part highly polymorphic: expected 
heterozygosities ranged from 0.16 to 0.98 and averaged 0.69. F[s values were high but the 
presence of null alleles confounded a biological interpretation of this departure from Hardy-
Weinberg equilibrium. These loci were amplified in 1192 individuals in 14 sample 
collections. The samples included four from Charleston Harbor over a period of four years 
and two samples from neighboring locations near the Mississippi River Delta collected 
from separate years. I tested two separate hypotheses: 
HI: populations of L. seti/erus separated by known biogeographic barriers will be 
genetically distinct due to the effects of genetic drift 
H2: temporal or local geographic variation exists due to sampling effects 
Evidence was found for weak large scale geographic separation of L. setiferus 
populations with occasional instances of temporal or local geographic variation. 
Microsatellite Development Microsatellite genetic markers were chosen for this study 
because of the high levels of polymorphism relative to allozymes, codominance, neutrality, 
ease of development, and simple utilization, even with poorly preserved or small tissues 
(Jame and Lagoda 1996). The development and application of microsatellites in penaeids 
have been difficult and L. setiferus proved no exception. Library screens produced 
extremely long and complex microsatellites, primer design was difficult, and technical 
analysis problematic (Tassanakajon et aL 1998; Moore et al. 1999; Brooker et al. 2000, cf. 
Xu et at 1999). Cross amplification of published microsatellite primers mirrored these 
difficulties. Primers were tested from a number of species, and although primers from the 
closely related species L. stylirostris and L. vanname; in particular might have been 
expected to produce usable results, none did. In addition, many penaeid microsatellite loci 
exhibit levels of polymorphism greater than 0.9 (Ball et al. 1998; Tassanakajon et al. 1998; 
Moore et al. 1999; Brooker et al. 2000); these high heterozygosities increase the potential 
for sampling error. To circumvent this problem, three loci, PseG42 (He = 0 .. 57), PselOl 
(He = 0.64) and Pse343 (He = 0.16), were chosen especially for their relatively low 
heterozygosity, and some analyses were repeated with a binned data set. These various 
technical and theoretical difficulties presented substantial but not insurmountable barriers to 
the practical use of microsatellite genetic markers for population studies in penaeids. 
Effective Population Size The effective population size of L. setiferus may be limited 
by at least two factors: shrimp have been subject to severe bottlenecks due to cold winters 
and are probably subject to large variance in reproductive success. Severe winters on 
occasion have depleted Atlantic spring spawning stocks to essentially undetectable (Lindner 
and Anderson 1956; McKenzie 1981; Lam et al. 1989). In Charleston Harbor, a critical 
point appears to be reached after about 20 days when water temperatures drop below 
8.5 °C (McKenzie 1981; Lam et aL 1989). These severe winters which impoverish 
spawning stocks are followed by poor recruitment even though the fishery recovers in a 
year or two. In the Gulf, although shrimp kills have been noted during severe cold spells, 
the subsequent recruitment does not appear to have suffered, probably because the shrimp 
have moved out into warmer Gulf waters (Lindner and Anderson 1956). Estimates of Ne 
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help detennine the actual severity of such bottlenecks and assess the impact they have on 
the genetic diversity of the species. 
Ne estimates are based on calculations of gene diversity and Jl, and are therefore 
clearly biased by choices of loci, average mutation rate and mutation model, and subject to 
uncertainty by orders of magnitude. Estimates from this study, using these loci with their 
high heterozygosities, ranged from about 20,000 (lAM) to 300,000 (SMM). A higher 
value for Ne calculated under the assumptions of the SMM is consistent with the 
expectations of each model, especially at higher gene diversities (see Soule 1976). The 
SMM permits only stepwise mutations up or down one step with inherent expectations of 
homoplasy, while the lAM presumes a unique allele is created with each mutation. 
Therefore either the mutation rate,.. or Ne would have to be relatively larger for a given 
gene diversity, and since J.l was fixed at 10-4 for these calculations, Ne was left to vary. Ne 
estimates were still orders of magnitude below the stock assessment by Nance et al. 
(1989), who estimated that an average of 10 billion white shrimp recruited into the fishery 
in the northern Gulf of Mexico. Given these caveats, these Ne estimates are realistically 
large for the abundant L. setiferus species, and suggest that the population is indeed 
resilient to occasional natural population reductions. This conclusion should hold if the 
shrimp fishery does not exacerbate natural disasters; we know from other fishery crashes 
that human impacts can be long-lasting and devastating. 
Other conclusions can also be reached if the assumption holds that the mutation rate 
and model varied only across loci and not across samples. The average Ne of separate 
samples was not significantly different from Ne calculated over all samples, consistent with 
the lack of population structure and suggesting that individual samples were representative 
of the whole. 
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Population Differentiation Litopenaeus setiferus showed a remarkable lack of 
population differentiation, whether measured by variance-based measures, genetic distance, 
or allele frequency differences, and whether measured on large or small geographic scales. 
No geographic pattern was apparent in the pailWise comparisons, and allele frequency 
distributions of pooled Gulf and Atlantic samples were significantly different at only one 
locus. The UPGMA dendogram of Nei's D suggested some grouping within Atlantic and 
within Gulf samples, although similar analysis of (011)2 values did not. The lack of strong 
geographic structure was not due to lack of polymorphism at the loci studied (He ranged 
from 0.16 to 0.97). Nor was it due to highly polymorphic loci obscuring statistical 
analyses (the least polymorphic locus exhibited genetic homogeneity, and binned data gave 
similar results). Regardless, a small difference was observed between the Gulf and 
Atlantic and can be explained by low levels of ongoing gene flow between separate 
populations, recent separation with differentiation slowed by a large Ne, or statistically but 
not biologically significant differences. The first two possibilities cannot be distinguished 
from these data, but ecological data and results from genetic studies of other species can 
lend insight to this problem (see below). No differences were evident between Texas and 
Mexico, or across the Mississippi River Delta. These boundaries are apparently not 
effective barriers to gene flow, despite the geographic distances or ecological separation. 
On smaller scales, statistically significant differences in allele frequency 
distributions (combined over loci) were noted. Charleston Harbor, S.C., Mar. 1999 and 
Mississippi River Delta, La., 1996 were overrepresented in the six significant 
comparisons. Likewise, the larger pairwise FST' RST, (OfJ)2, or Nei's D comparisons 
generally involved Mississippi River Delta, La., 1996 or 1997 (cf. Table 10 and 11). 
"Larger" is a relative term, for example, in this study, most Rsr values were less than 0 and 
the larger RST values consisted of the 8 out of 91 tests that measured between 0 and 0.023. 
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Similarly, the values obtained for {0 .... )2 and Nei's D were similar to those found for within 
population comparisons of other species. None of these values was consistently indicative 
of biologically significant differences, but rather due to a few geographically scattered 
samples. This result supported the second alternate hypothesis of temporal variation or 
local variation due to large reproductive variance or sampling error. In particular, the 
relatively small sample size taken from the Mississippi River Delta, La. 1996 may have 
contributed to the sampling error and significant differences noted with this sample. The 
sampling regime used in this study could not distinguish between experimental and genetic 
sampling. Older shrimp were sampled and any larval cohorts would have long since 
dissipated, and some samples were taken over geographic distances spanning several 
miles. A further test of the sweepstakes hypothesis would require capturing larval cohorts 
and examining them for genetic variation compared to either adults from the same location 
or larvae taken at different times (see Ruzzante et al. 1996b; Li and Hedgecock 1998). 
Genetic Analysis of Marine Species 
Use of microsatellite genetic markers More and more population studies of marine 
organisms have employed rnicrosatellite genetic markers (Jame and Lagoda 1996; Hauser 
and Ward 1998; Shaklee and Bentzen 1998)_ Microsatellite loci from marine species were 
more polymorphic than those identified from either freshwater or anadromous species and 
much more polymorphic than those from mammals (for example, Brooker et al. 1994; see 
DeWoody and Avise 2000 for review). Allozymes and mtDNA revealed limited population 
structure in many marine organisms, and many questions about population structure have 
been revisited using microsatellite genetic markers (Shaklee and Bentzen 1998). In some 
cases, investigators discovered a more complex popUlation structure, for example, Alaskan 
Pacific herring (O'Connell et at 1998), cod (Ruzzante et al. 1996a; Ruzzante et al. t 996b), 
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or local differentiation of veined squid (Shaw et al. 1999). In others, the microsatellites 
have confirmed the results of previous studies, for example, sockeye salmon (Allendorf 
and Seeb 2000), or large scale differentiation of veined squid (Shaw et al. 1999). 
Allozyme studies of the Penaeidae (Marvin and Caillouet 1976; Lester 1979; Mulley 
and Latter 1980; Lester 1983; Sunden and Davis 1991; Benzie et al. 1992; Garcia et al. 
1994) have found the low levels of polymorphism typical of other crustaceans (Nelson and 
Hedgecock 1980). Many questions about penaeid population genetics have recently been 
addressed with microsatellite markers, and where direct comparisons were made, 
microsatellite markers confinned previous allozyme and mtDNA analyses by revealing 
substantial population differentiation (Brooker et at. 2000; Supungul et al. 2000). In this 
study, the data likewise confirmed earlier allozyme studies in that very little large scale 
population structure was observed, although the more polymorphic markers and more 
intense sampling regime did reveal some weak large scale population structure. 
High gene flow Many pelagic or benthic marine species have a multitude of ecological 
and biological characteristics which lend themselves to high gene flow, for example, long-
lived pelagic larval stages, migratory adults and lack of obvious geographical barriers to 
gene flow (Hedgecock 1986; Waples 1987). All of these hold true for L. setiferus. 
However, measuring the actual amount of gene flow is difficult. Marine species typically 
display low F sr values, reflecting the high gene flow among sample locations (see for 
review (Ward et aL 1994; Waples 1998; DeWoody and Avise 2000). In principle, under 
the island model of migration F ST can be used to estimate the number of migrants (N;n) by 
FsT = 1 (Wright 1943). This requires several assumptions: infinite number of 
(1 +4Nem) 
subpopulations, Ne and m are the same and constant, random breeding within 
subpopulations, discrete generations, m is "small" (such that m2 approaches 0), neutral 
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alleles, and Jl = O. Clearly these assumptions are never met. Confounding the problem is 
the error inherent in calculating F ST due to low sample sizes, since the contribution to 
uncorrected FST values from sampling S individuals is approximately 1/(28) (Wright 1978). 
Low values for F ST can lead to large errors in estimates of Nem, and the overall F ST 
calculated for L. setiferus was 0.002 and not significantly different from O. Locus-specific 
Nem calculated from F ST ranged from 35 at Psel0l (F ST = 0.007) to infinity for other loci 
(FST < 0). The magnitude of Nem for this and other studies with similar results is simply 
"large", sufficient to lead to genetic homogeneity in the absence of mutation, and attempts 
at more precise estimates are largely meaningless. 
Genetic heterogeneity The dispersal potential of larval marine invertebrates led early 
on to the prediction that more genetic mixing will occur in marine species with long-lived 
pelagic larval life stages (Gooch 1975; Scheltema 1986). More recent studies have shown 
that despite the high dispersal characteristics of many marine larvae, physical or ecological 
barriers, selection, active dispersal patterns, or distinct larval cohorts result in either micro 
or macro geographic or temporal differentiation (see reviews by Hedgecock 1986; Palumbi 
1994). Both temporal and patchy geographic genetic variation was shown by allozyme 
analysis of red sea urchins (Strongylocentrotus franciscanus) at several California locations 
(Moberg and Burton 2000), geographic differentiation and temporal stability was exhibited 
by the queen scallop (Aequipecten (Chlamys) opercuiaris) (Lewis and Thorpe 1994), and 
blue crabs exhibited temporal and genetic variation along the Texas coastline (Kordos and 
Burton 1993; McMillen-Jackson et aL 1994). Studies of cod (Gadus morhua) with 
microsatellite markers have revealed local differentiation of inshore and offshore samples 
over a range of 150 km (Bentzen et al. 1996; Ruzzante et a1. 1996a; 1996b). 
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The existence of separate larval cohorts was suggested by observation of 
heterozygote deficiencies in pooled larval samples but not in individual cohorts (Wah lund 
effect) (Atlantic cod, Ruzzante et aI. 1996b) or by temporal genetic heterogeneity over the 
length of a single spawning season (Pacific oysters, Li and Hedgecock 1998). These 
studies suggested that despite genetic homogeneity on larger scales, coherent larval cohorts 
matched with appropriate environmental conditions can exist for some time. While this 
study was not specifically designed to test the existence of L. setiferus larval cohorts, the 
demonstration of local genetic heterogeneity could be explained at least in part by the 
"sweepstakes" hypothesis in which genetically different larval cohorts contribute to local 
variation (Hedgecock 1994a). 
Bio2eoeraphy of the Southeastern United States 
Patterns Many species overlap the range of L. setiferus, and patterns have emerged 
regarding population structure. The well-known breaks between wann-temperate and 
tropical faunas along the eastern and northern Gulf coast of Florida (Briggs 1974) 
correspond to the distribution of L. setiferus. Many genetic studies have examined the 
marine fauna of this particular geographic region. For many species or species pairs from 
the western Atlantic and the Gulf of Mexico, mtDNA haplotypes are monophyletic or 
nuclear genes exhibit substantial allele frequency differences. For others, statistically 
significant population differentiation is combined with evidence of small to substantial gene 
flow. 
Substantial genetic differentiation Many invertebrates, either with or without a 
disjunct distribution across southern Florida, manifest the genetic break corresponding to 
the ecological discontinuities between warm-temperate and tropical zones. Like 
L. setiferus, grapsid crabs (Sesarma reticulatum), ocypodid crabs (Uca minax), and the 
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marine benthic copepod (Microarthridion littorale) (Felder and Staton 1994; Schizas et al. 
1999) have a disjunct distribution, breaking along the southern Florida coastline. Genetic 
analysis of allozymes or mtDNA sequences revealed separate Atlantic and Gulf groupings 
(and in the case of the crabs, distinct eastern and western Gulf populations). 
Horseshoe crabs (Limulus polyphemus) and the American oyster (Crassostrea 
virginica) have a continuous distribution, but mtDNA RFLP analysis revealed a steep 
genetic break in northeastern Florida (Saunders et al. 1986; Reeb and A vise 1990; Hare and 
Avise 1996). Two stone crab species, the Gulf Menippe adina and the western Atlantic 
M. mercenaria, are distinguished by allozyme frequency and morphological differences 
with proposed hybrid zones in the eastern Gulf of Mexico and along the Georgia coast (see 
Bert 1986). However, the American oyster and stone crabs illustrate the idea of 
independent lineage sorting (the concept that each gene forms its own phylogenetic tree, 
while species trees represent the evolutionary pathway of the species) in a disconcerting 
fashion. Continuous gene flow best explained the results of allozyme analyses and nuclear 
DNA sequencing studies of American oysters (Buroker 1983; Hare and Avise 1998), while 
mtDNA and nuclear DNA RFLP studies revealed a marked genetic discontinuity (Reeb and 
Avise 1990; Karl and Avise 1992; Hare and Avise 1996). For stone crabs, mtDNA 
sequences were paraphyletic and nuclear DNA RFLPs showed no differences between the 
two species, again supporting the interpretation of incomplete lineage sorting and either 
ongoing gene flow or recent separation (Schneider-Broussard et al. 1998). 
Many vertebrate marine species also exhibit a clear division between Atlantic and 
Gulf populations. For example, two subspecies of black sea bass are distributed from 
Massachusetts to central Florida and from northwestern Florida to Texas. Bowen and 
A vise (1990) demonstrated clear differences between Centropristis striata striata and 
C. striata melana based on mtDNA RFLP analysis. Their conclusions were confirmed by 
analysis of two microsatellite loci (B. Eleby, A. Ball, R.W. Chapman unpublished data). 
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Two blenniid subspecies (Chasmodes bosquianus bosquianus and C. bosquianus 
longimaxilla) also display a similar distribution while a second species, C. saburrae is 
found in southern Florida (Williams 1983). A genetic analysis of this species pair has not 
yet been performed. Atlantic (Brevoortia tyrannus) and Gulf (B. patronus) menhaden 
display a disjunct distribution, split by a third species, yellow menhaden (B. smithi), found 
around southern Florida. However, as discussed below, genetic analysis did not support 
the menhaden species' separation. 
Little or no genetic differentiation For other marine species, it is not clear why 
there exists small but statistically significant population differentiation between Gulf and 
Atlantic populations. In some cases it is probably due to low levels of continuing gene 
flow, in others to a recent separation, and in still others, differences are not biologically 
meaningful but come from large sample sizes producing statistically significant results. For 
many marine fish species or species pairs, mtDNA differences between Gulf and Atlantic 
samples are indicated by small but significant homogeneity tests of haplotype frequencies 
or FIT values « 0.02). Examples include greater amberjack, Seriola dumerili (Gold and 
Richardson 1998); king mackerel, Scomberomorus cavalla (Gold et al. 1997); Atlantic 
croaker, Micropogonias undulatus (Lankford Jr. et al. 1999); and red drum, Sciaenops 
ocellatus (Gold et al. 1999). Atlantic and Gulf menhaden and Atlantic and Gulf sturgeon 
(Acipenser oxyrhynchus oxyrhynchus and A. oxyrhynchus desotoi) mtDNA haplotype 
distributions suggest recent gene flow rather than complete separation (Bowen and A vise 
1990; cf. Wirgin et al. 2000 who found considerable substructure among Atlantic sturgeon 
samples with control region sequences). Tagging data for greater amberjack are consistent 
with ongoing gene flow. In several cases, gene flow from the Gulf to the Atlantic is 
indicated by the presence of Gulf haplotypes in the Atlantic but not the reverse (Bowen and 
Avise 1990, see A vise 1994). 
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Still other species show essentially no measurable large scale genetic differentiation 
between the Gulf and Atlantic. Blue crabs (Callinectes sapidus) range from Nova Scotia to 
Argentina. Allozyme variation revealed broad scale homogeneity from New York to Texas 
in combination with local geographic and temporal patchiness (Kardos and Burton 1993; 
McMillen-Jackson et al. 1994). Vermilion snapper (Rhomboplites aurorubens), a demersal 
fish which inhabits the reef and hard bottom shelf and shelf break from Brazil to North 
Carolina, displayed no population differentiation between four Atlantic sites and one Gulf 
site using microsatellite analysis (F ST - 0.001 to 0.(02) (Bagley et al. 1999). 
The patterns of genetic differentiation are in most cases understandable in terms of 
the biology of these organisms. Species or subspecies pairs that demonstrate measurable 
differences tend to be estuarine dependent for much of their life cycle (black sea bass) or 
sedentary (copepods, horseshoe crabs). Ecological or biological characteristics such as 
more or less continuous habitats or occasional mixing, large Ne leading to slow genetic 
drift, high fecundity, long-lived pelagic larvae, or adult migrations result in measures 
indicative of high gene flow. Many species displaying these characteristics (red drum, 
greater amberjack, blue crabs, menhaden, king mackerel, vermilion snapper) display either 
small or no differences between the Gulf and Atlantic (see Scheltema 1986; Hauser and 
Ward 1998). Other species follow the warm temperate to tropical break across Florida. 
The distribution patterns may be related to habitat selection, lack of gene flow or lack of 
appropriate habitat around southern Florida. Litopenaeus setiferus, with a large Nt!' 
migratory adults, and pelagic larvae appeared to follow the pattern of weak differentiation 
between the Gulf and Atlantic samples, despite a disjunct distribution. However, as noted 
above, recent population separation cannot be distinguished from ongoing gene flow with 
these data. 
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Historical gene flow Perez-Farfante (1969) postulated that Gulf and Atlantic 
L. setiferus populations have been separated at least since the last glacial maximum, when 
the sea level in the North Atlantic (as measured in Barbados) may have been 120 meters 
below the present level (Fairbanks 1989; Bard et at 1990; Yokoyama et al. 2000). Given 
this separation time, the slight differentiation between the Gulf and Atlantic may reflect 
either recent exchange ("recent" in this case referring to geologic time scales) or low levels 
of ongoing gene flow. Past changes in sea levels may have provided the means for Gulf 
and Atlantic popUlations to intermingle. McManus et al. (1999) documented millennial-
scale variability overlaying recent (up to 500,000 years ago) glaciation cycles using 
foraminiferal oxygen isotope (BI80) levels and ice-rafting debris in North Atlantic core 
samples. Using uranium series dating of corals, Cronin et al. (1981) dated warm intervals 
to 5 periods between > 400,000 y BP and 72,000 y BP. The warming periods 
corresponded to times when relative sea levels along the Atlantic coast were - 7 m higher 
than present mean sea level. The higher sea levels during these Pleistocene interglacial 
periods truncated the Florida peninsula, perhaps permitting a continuous habitat for 
L. setiferus and the opportunity for substantial gene flow between Atlantic and Gulf 
populations. Ostracode fossils from Charleston (correlated with a warming period 
94,000 y BP) included those generally found in the Gulf of Mexico, indicating faunal 
exchange during this warming period (Cronin et al. 1981). Mixing within the Gulf of 
Mexico might have been maximized by the estuarine conditions during the last glacial melt, 
7,000 to 10,000 years ago (Fairbanks 1989), when huge volumes of fresh water flowed 
into the Gulf. The gradual rise of the Florida peninsula would divide previously 
continuous popUlations, however, even with the separation caused by these recent glacial 
events, the large Ne and homoplasic mutations would slow the appearance of any 
significant population differentiation in L. setiferus. 
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Present-day ecology and gene flow The availability of appropriate habitat probably 
accounts for the present-day distribution of L. setiferus. Even though white shrimp are 
tolerant of wide ranges of temperature and salinity, the juveniles in particular are found 
more frequently in areas of lower salinity (Zein-Eldin and Renaud 1986; Wenner and 
Beatty 1993). Litopenaeus setiferus clearly requires productive estuarine nursery areas, 
and all life stages are more frequently collected on mud, sandy mud, or peat substrates. 
Southern Florida is bounded by a shallow-marine carbonate shelf (Sellwood 1986) with 
distinctive salt marsh vegetation (Johnson and Barbour 1990; Montague and Wiegerg 
1990). While northeastern and northwestern Florida salt marshes are predominantly 
covered with smooth cordgrass (Spartina altemijlora) or black needlerush (Juncus 
roemerianus), mangrove forests occupy the lower intertidal zone in southern Florida; 
L. setiferus are not found in these areas. 
The present-day physical separation of Gulf and Atlantic populations is clear, as is 
the weak genetic differentiation. A recent separation of a large population leading to a slow 
accumulation of genetic differences is one explanation. An alternative (not exclusive) 
mechanism is ongoing gene flow. Episodic gene flow could be effected by the occasional 
loop current entering the Gulf of Mexico which could transport larvae (or adults) in the 
water column as far as Georgia (Atkinson et al. 1983). This one-way gene flow would 
result in unique alleles in the Atlantic but not the Gulf (cf. Avise 1994). In this data set, 
rare alleles were found in both the Gulf or the Atlantic, and thus probably merely reflected 
the high mutation rate of these loci rather than specific gene flow. Even so, the clear 
genetic separation of many species between the Gulf and the Atlantic with biological 
characteristics consistent with high gene flow suggests that there are indeed substantial 
physical or ecological barriers to gene flow around southern Florida. 
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SUMMARY AND CONCLUSIONS 
Highly polymorphic microsatellite genetic markers were identified for L. setiferus. 
Gene diversity was high, leading to high calculated values for Ne, The data suggest that 
overfishing, while apparent from fisheries data as growth and recruitment overfishing, has 
yet to damage the genetic diversity of this species. The large Ne has apparently provided 
resilience to both overfishing and natural population fluctuations. Even so, extremely 
intense fishing pressure is a relatively recent phenomenon and signs of overfishing have 
rightly prompted changes in the earlier management philosophy that the annual life cycle 
and high fecundity will provide continual renewal. 
The data presented here were consistent with continuing gene flow or recent 
separation, while still displaying weak but consistent and statistically significant 
differentiation between the Gulf and the Atlantic. This is the expected result after 
separation of these popUlations for a period of at least 10,000 to 20,000 years; the large Ne 
would slow the accumulation of genetic differences. Although the possibility of ongoing 
gene flow could not be excluded, that data revealed no indication of one way gene flow 
from the Gulf to the Atlantic, as would be predicted from the current patterns. There was 
as much (or as little) local or temporal variation as large scale differentiation. This lead to 
the rejection of the null hypothesis that no genetic differentiation occurs throughout the 
entire range of L. setiferus. 
Like many of the species found in the Gulf and western Atlantic, statistically significant 
differences and geographic separation translate into usable management units, but not into 
genetically distinct popUlations. Gene flow may be sufficient to genetically homogenize the 
Atlantic and Gulf populations, but the number of migrants may not replenish a depleted 
stock. However, based on findings of broad scale genetic homogeneity within the Gulf 
and Atlantic, conservative management of this species requires acknowledgment of the 
certainty that state and federal political boundaries are biologically meaningless. 
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APPENDIX A 
DNA sequence infonnation for the microsatellite clones used in this study. The repeat 
units, number of repeats in the sequenced clone, and predicted size of that amplified 
product are given. Primer sites are underlined; repeat sequences are double-underlined. 
Pse28 
(CA)25 = 160 bp amplified product_ 
GA'ICCI'ICTA G:TAAA'TI?l?G 'IGImAAATr ~TPrAA. 'IGAC'AACI'Cr ACrrCTAC'AT 
TPCCACACAC K:ACACACAC ACACA.CJl.J:AC N::ACACACAC AClJCACA.CAC ACA.N:JTGAC'r 
GA.IDI'I"IMT CAGATATGA..T AATAAAGI'IT ACCI'IC.GA'IC 
Pse36 
(CA)35 = 133 bp amplified product 
GACITIGrAT TI'TC'ATAAAC G<.:'IGCACACA CACACACACA. CACACACACA. CAC:ACACACA 
CACACACACA CACACACAa CAC:ACTAGI'A AArrc:A'ICTGr ATATITACrG TAGCCTI'ACr 
G£.GAAA.TATA GCG'IG3I' 
PseC48 
(GT)12GAAT(GT)2GC(GT)9GC(GT)GC(GT)7GC(GT)2GC(GT)2 = 220 bp amplified 
product 
GA'ICGACI'AG OOA'IGAC.X:'IT A:1"ICI"I:ACIC TrAGICICC!' M'ICA:l'l"l'IC AATC:1"1"1"IL~ 
'IGICKTTCT CCI'ICCATIC 'ICCTCCITIC CGC'ITI'lX..'CI ATI'TC'ATICA TITI'I'K."CCT 
CCITI'ICX:AA ~'ICITAA CAAGAN:5ACA 'ICl:.'G.JIGACI 'IGAArr..TCGA CAAGICACIC 
rroccIGA.CCC 'IG3'ICGICTA CATP1.I'I"IGIC '1CI'IGICIC.T 'ITGImGIG1' GTGIGTG1GI' 
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APPENDIX A continued 
PseC48 continued 
GIGmIGAAT G'IGIGCG'IGT G1UIGIGIGI' G'Il31G:XID3C G1G1GIG'I.Gr GIGIGC..."GIGr 
G:GI'Gr A'IGI' GIGIG'I'ICNr ANICGIGIGT GICIarATAT ArmrorGINI' GCCCA'IGINr 
Gl'l'l~ 'ICI' GIGACIGrAT ~co::: GIGICTA'ICA A'ICI'ACGC:AT ACAACTATAN 
1\K:GlCCACAC GrA'ICI'ATIC TACCAACACC ~ ~ ~ 
AC:GIGAN:AA A'IGCXXX.U3 
PseG42 
(CCT)7 = 120 bp amplified product 
GAlJ:CTA'ICI'A 'ICGCGAAACA =.AGIYrAlJ.'l?Cr ~TIT ATA'ICIGl'l'l" 
C'C03AA.'IGA.T GICrTICX:'A.T CCTICICCCT crC'CIC'C'I(.."C ~ C"CTCI'I'lA'IC 
'ICX:TIGICTr TIGCI'IDI'IC rrorTI'I.'CAAT Tr~ GA.'IGI'IClJ3G Trc:PCAGAc:A. 
PselOl 
(GGA)4 (24 bp spacer) (GGA)6 (24 bp spacer) (GGA)6 = 216 bp amplified product 
~TCC~ TI.'CCICA.CAT CCI"n.:GCX:XX:: 'IGAGrG3'IGr c::cAOCAGCIC ~ 
~GC:.'C~~~AC~~ 
~ OOCCGACGCT ACGCCTIG3A ~ ~ CAC:GCCG.A.CG 
~ ~ 'IOOCICICGG 00A'IG:.'GITr G~ ~ 
~ G3GCTIGrAG ~ 
82 
APPENDIX A continued 
Pse343 
(CYTT)6 = 261 bp amplified product 
GA'ICCCICCT rrcc.TICG}CC CITrICICIT CI'I'ICICATr CCI'ICC.TICC TICI'I'ICI'I'!' 
CC'ITGCKrr CCCIC"ICCA.T CCA'lt..LTrAC 'I'ICICICCIT 'ICCl'I'ICrAT 'ITACCCCCAT 
a.:I'ICI'I'ICT CCCI'I'ICCIT crA':rCLTICC 'I'I'TCCC::ACIT CCACCTCCCC ~ 
GGNI'I'I'CC3CT TC:'ICTCCICI' ~ CC'I'CX:GItX..' CI'CICANAAC ~ 
GAA'KX:'AAGr CCCTICCA'IC CGG3ACITAT TIGG3CI'CIG ~AJlA.C ~ 




APPENDIX B Allele frequencies for each sample and each locus. Allele sizes are given in the left column. 
NC SCCH SCCH SCCH SCCH seER GA FLDB FLAB LAMR LAMR LAWD TX MX Lse 
95 97 98 99 96 97 
Pse28 
128 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.001 
130 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.000 0.000 0.008 0.000 0.001 
132 0.000 0.000 0.000 0.000 0.000 0.021 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.002 
134 0.000 0.000 0.000 0.005 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
136 0.007 0.000 0.006 0.027 0.011 0.014 0.015 0.025 0.014 0.000 0.007 0.016 0.012 0.000 0.012 
138 0.000 0.000 0.011 0.000 0.006 0.014 0.005 0.021 0.007 0.000 0.021 0.005 0 .. 012 0.062 0.010 
140 0.007 0.005 0.028 0.005 0.006 0.021 0.015 0.004 0.021 G.02S 0.021 0.005 0.016 0.000 0.012 
142 OJ)OO 0.019 0.017 0.011 0.017 0.014 0.010 0.004 0.000 0.000 0.007 0.011 0.035 0.000 0.012 
144 0.000 0.005 0.000 0.000 0.000 0.007 0.000 0.013 0.000 0.000 0.007 0.000 0.004 0.000 0.003 
146 0.022 0.005 0.000 0.005 0.006 0.000 0.000 0.008 0.007 0.000 0.000 0.000 0.000 0.000 0.004 
148 0.000 0.005 0.011 0.000 0.000 0.021 0.000 0.000 O'()()7 0.000 0.000 0.011 0.000 0.000 0.004 
150 0.022 0.010 0.011 0.021 0.017 0.014 0.010 OJJ08 0.014 0.000 0.021 0.011 0.008 0.012 0.013 
152 O~044 0.019 0.022 0.011 0.017 0.007 0.000 0.008 0.007 0.028 0.014 0.011 0.008 0.012 0.014 
154 0.007 0.000 0.006 0.037 0.000 0.000 0.010 0.008 0.014 0.014 0.021 0.011 0.012 0.012 0.011 
156 0.007 0.010 0.017 0.043 0.022 0.015 0.015 0.017 0.014 0.028 0.021 0.027 0.004 0.012 0.017 
158 0.022 0.014 0.017 0.016 0.045 0.000 0.026 0.013 0.007 0.014 0.049 0.000 0.004 0.012 0.016 
00 
v. 
APPENDIX B continued 
NC seeR SCCH SCCH SCCH seER GA FLDB FLAB LAMR LAMR LA WD TX MX Lse 
95 97 98 99 96 97 
Pse28 
160 0.015 0.010 0.022 0.000 0.022 0.021 0.005 0.004 0.000 0.000 0.007 0.032 0.020 0.037 0.014 
162 0.022 0.010 0.000 0.011 0.011 0.042 0.010 0.017 0.007 0.014 0.000 0.000 0.012 0.000 0.011 
164 0.007 0.038 0.034 0.021 0.062 0.021 0.010 0.029 0.041 0.014 0.049 0.043 0.020 0.049 0,031 
166 0.000 0.024 0.011 0.027 0.017 0.014 0.010 0.017 0,007 0.028 0.028 0.022 0.024 0,012 0.017 
168 0.037 0.014 0.022 0.037 0.028 0.007 0.015 0.017 0.021 0.000 0.028 0.016 0.012 0.000 0.019 
170 0.037 0.029 0.034 0.037 0.022 0.042 0.036 0.042 0.034 0.056 0.098 0.038 0.031 0.012 0.038 
172 0.015 0.043 0.039 0.032 0.017 0.028 0.021 0.071 0.000 0.028 0.035 0.059 0.028 0.012 0,034 
174 0.022 0.024 0.017 0.011 0.062 0.014 0.026 0.025 0.055 0.028 0.028 0.031 0.032 0.025 0.028 
176 0.051 0.033 0.039 0.027 0.034 0.057 0.046 0.046 0.055 0.042 0.049 0.027 0.063 0.012 0.042 
178 0.037 0.033 0.051 0.064 0.028 0.035 0.051 0.029 0.028 0.055 0.042 0.049 0.035 0.037 0.041 
180 0.051 0.062 0.045 0.011 0.039 0.035 0.031 0,034 0.048 0.069 0.028 0.011 0.028 0.074 0.037 
182 0.022 0.071 0.034 0.064 0.056 0.056 0.041 0.046 0.028 0.014 0.049 0.038 0.043 0.062 0.045 
184 0.007 0.052 0.034 0.027 0.028 0.021 0.046 0.042 0.028 0.028 0.035 0.038 0.047 0.012 0.034 
186 0.022 0.033 0.056 0.037 0.034 0.056 0.036 0.021 0.041 0.083 0.021 0.038 0.020 0.025 0.035 
188 0.037 0.010 0.034 0.021 0.017 0.049 0.031 0.034 0.055 0.014 0.021 0.005 0.028 0+025 0.027 
190 0.081 0.019 0.006 0.011 0.028 0.014 0.031 0.038 0.028 0.014 0.014 0.059 0.031 0.025 0.029 
00 
0\ 
APPENDIX B continued 
NC SCCH SCCH SCCH SCCH seER GA FLDB FLAB LAMR LAMR LA WD TX MX Lse 
95 97 98 99 96 97 
Pse28 
192 0.029 0.048 0.045 0.021 0.011 0.028 0.026 0.029 0.014 0.014 0.049 0.038 0.047 0.037 0.033 
194 0.015 0.029 0.017 0.037 0~011 0.021 0.051 0.038 0.048 0.042 0~014 0.032 0.039 0.037 0.034 
196 0.022 0.043 0.028 0.027 0.039 0.014 0.067 0.017 0.048 0.028 0.028 0.022 0.043 0.025 0.033 
198 0.029 0.033 0.028 0.016 0.006 0.021 0.03.1 0.013 0.041 0.000 0.028 0.016 0.028 0.086 0.025 
200 0.015 0.014 0.017 0.005 0.028 0.021 0.026 0.034 0.007 0.000 0.007 0.011 0.035 0.074 0.021 
202 0.029 0.014 0.017 0.016 0.006 0.000 0.031 0.038 0.000 0.028 0.021 0.005 0.012 0.012 0.017 
204 0.037 0.029 0.034 0.037 0.011 0.035 0.062 0.013 0.028 0.069 0.007 0.022 0.008 0.025 0.021 
206 0.007 0.014 0.034 O~021 0.045 0.014 0.010 0 .. 029 0.000 0.000 0.014 0.011 0.016 0.025 0.018 
208 0.001 0.019 0.017 0.011 0.011 0.007 0.000 0.017 0.041 0.000 0.014 0.049 0.012 0.025 0.016 
210 O~OOO 0.029 0.006 0.011 0.011 0.000 0.010 0.013 0.035 0.028 0.021 0.005 0.012 0.012 0.013 
212 0.015 0.000 0.011 0.011 0.028 0.014 0.015 0.025 0.014 0.014 0.000 0.027 0.020 0.000 0.014 
214 0.007 0.019 0.006 0.000 0.011 0.014 0.015 0.008 0.014 0.014 0.000 0.016 0.004 0.000 0.010 
216 0.051 0.000 0.006 0.011 0.000 0.000 0.000 0.013 0.000 0.014 0.000 0.000 0.012 0.012 0.008 
218 0.022 0.019 0.006 0.032 OJ)06 0.007 0.005 0.000 0.021 0.000 0.000 0.016 0.000 0.000 0.010 
220 0.007 0.005 0.006 0.005 0.000 0.000 0.021 0.000 0.014 0.028 0.021 o~ooo 0.012 0.000 0.008 
222 0.007 0.005 0.011 0.011 0.006 0.014 0.010 0.013 0.000 0.000 0.000 0.011 0.004 0.000 0.007 
00 
......,J 
APPENDIX B continued 
NC sceR SCCH SCCH SCCH seER GA FLDB FLAB LAMR LAMR LA WD TX MX Lse 
95 97 98 99 96 97 
Pse28 
224 0.007 0.010 0.017 0.037 0.022 0.014 0.010 0.013 0.007 0.000 0.007 0.016 0.012 0.012 0.014 
226 0.007 0.005 0.000 0.005 0.022 0.007 0.005 0.000 0.000 0.000 0.007 0.000 0.000 0.012 0.005 
228 0.015 0.014 0.006 0.000 0.000 0.007 0.000 0.000 0.007 0.042 0.007 0.022 0.004 0.000 0.007 
230 0.007 0.005 0.000 0.005 0.006 0.007 0.005 0.004 0.014 0.000 0.000 0.016 0.000 0.025 0.006 
232 0.000 0.005 0.006 0.011 0.006 0.021 0.005 0.000 0.007 0.000 0.007 0.005 0.016 0.000 0.007 
234 0.000 0.000 0.023 0.005 0.006 0.000 0.010 0.008 0.000 0.000 0.007 OJ)OO 0.008 0.000 0.005 
236 0.007 0.000 0.000 0.000 0.000 0.007 0.005 0.0000.000 0.014 0.007 0'()05 0.008 0.000 0.003 
238 0.015 0.000 0.000 0.000 0.006 0.000 0.005 0.008 0.007 0.000 0.000 0.005 0.000 0.000 0.003 
240 0.000 0.019 0.000 0.005 0.011 0.000 0.005 0.000 0.000 0.028 0.000 0.000 0.004 0.000 0.005 
242 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.004 0.000 0.002 
244 0.007 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
246 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.028 0.000 0.000 0.000 0.004 0.012 0.003 
248 0.000 0.000 0.000 0.005 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.001 
250 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
252 0.015 0.005 0.000 0.005 0.006 0.014 0.000 0.004 0.000 0.000 0.000 0.000 0.004 0.000 0.004 
254 0.000 OJ)()O 0.006 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.007 0.005 0.000 0.000 0.002 
APPENDIX B continued 
NC SCCH SCCH SCCH SCCH seER GA FLDB FLAB LAMR LAMR LA WD TX MX Lse 
95 97 98 99 96 97 
Pse28 
256 0.015 0.010 0.000 0.005 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.003 
258 0.000 0.000 0.006 0.000 0.006 0.000 0.000 0.000 OJJ07 0.000 0.000 0.005 0.000 0.000 0.002 
260 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.028 0.000 0.005 0,,000 0.000 0.002 
262 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.007 0.005 0.000 0.000 0.001 
264 0.000 0.000 0.022 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.008 0.000 0.003 
266 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0'{)04 0.007 0.000 0.000 0.005 0.000 0.000 OJ)02 
00 
268 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.001 
00 
270 0.000 0.005 0.000 0.005 0.006 0.000 0.005 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.002 
272 0.000 o~ooo 0.000 0.000 0.000 0.021 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.003 
274 0.000 0.000 0.000 0.011 0.000 0.007 0.000 0.000 0.000 0.000 0.000 OJ)()O 0.000 0.000 0.001 
278 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 
288 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Pse36 
87 a.DOO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.001 
101 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.005 0.000 0.000 0.001 
CXI 
\0 
APPENDIX B continued 
NC seeH seeH SCCH SCCH seER GA FLDB FLAB LAMR LAMR LAWD 'IX MX Lse 
95 97 98 99 96 97 
Pse36 
103 0.022 0.005 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.003 
105 0.007 0.000 0.011 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.008 0.000 0.003 
107 0.007 0.000 0.006 0.005 0.005 0.000 0.005 0.013 0.000 0.028 0.000 0.005 0.004 0.000 0.005 
109 0.007 0.010 0.000 0.000 0.005 OJX)O 0.005 0.008 0.014 0.014 0.000 0.000 0.004 0.000 0.005 
111 0.000 0.020 0.000 0.005 0.000 0.028 0.021 0.008 0.014 0.000 0.007 0.005 0.004 0.011 0.009 
113 0.007 0.030 0.011 0.048 0.033 0.035 0.047 0.029 0.048 0.028 0.060 0.059 0.040 0.078 0.039 
115 0.103 0.090 0.078 0.102 0.137 0.092 0.104 0.126 0.048 0.028 0.046 0.043 0.028 0.011 0.078 
117 0.022 0.025 0.017 0.037 0.022 0.014 0.021 0.025 0.007 0.000 0.013 0.027 0.024 0.011 0.021 
119 0.286 0.340 0.306 0.299 0.361 0.296 0.370 0.294 0.342 0.264 0.351 0.337 0.328 0.278 0.322 
121 0.088 0.090 0.106 0.086 0.071 0.099 0.089 0.092 0.075 0.069 0.080 0.064 0.064 0.100 0.082 
123 0.044 0.035 0.039 0.027 0.022 0.063 0.021 0.021 0.034 0.028 0.073 0.032 0.056 0.056 0.038 
125 0.081 0.055 0.044 0.064 0.077 0.070 0.057 0.063 0.062 0.083 0.079 0.032 0.064 0.078 0.063 
127 0.059 0.035 0.033 0.027 0.027 0.021 0.016 0.029 0.014 0.028 0.053 0.059 0.024 0.011 0.032 
129 0.051 0.020 0.072 0.043 0.033 0.014 0.021 0.042 0.034 0.056 0.033 0.053 0.048 0.011 0.038 
131 0.029 0.025 0.017 0.037 0.016 0.042 0.026 0.042 0.062 0.056 0.040 0.053 0.056 0.044 0.038 
133 0.037 0.035 0.050 0.011 0.027 0.049 0.047 0.025 0.041 0.028 0.020 0.043 0.056 0.056 0.038 
APPENDIX B continued 
NC SCCH SCCH SCCH seCH seER GA FLDB FLAB LAMR LAMR LA WD TX MX Lse 
95 97 98 99 96 97 
Pse36 
135 0.044 0.065 0.050 0.053 0.044 0.056 0.042 0.067 0.103 0.181 0.020 0.075 0.048 0.100 0.061 
137 0.029 0.005 0.050 0.027 0.033 0.021 0.036 0.021 0.021 0.056 0.060 0.032 0.036 0.044 0.032 
139 0.015 0.030 0.028 0.032 0.016 0.035 0.021 0,,017 0.027 0.014 0.046 0.037 0.052 0.044 0.030 
141 0.007 0.010 0.011 0.043 0.006 0.028 0.005 0.017 0.007 0.000 0.000 0.027 0.020 0.022 0.015 
143 0.015 0.030 0.017 0.027 0.011 0.014 0.010 0.017 0.007 0.014 0.000 0.005 0.020 0.000 0.014 
145 0.015 0.010 0.006 0.011 0.016 0.000 0.010 0.008 0.000 0.028 0.000 0.000 0.000 0.000 0.007 
\0 
147 0.007 0.005 0.028 0.011 0.011 0.000 0.016 0.008 0.007 0.000 0.000 0.000 0.004 0.000 0.008 
0 
149 0.000 0.010 0.006 0.005 0.000 0.007 0.000 0.000 0.000 OJ)OO 0.000 0.000 0.000 0.000· 0.002 
151 0.007 0.015 0.000 0.000 0.005 0.007 0.000 O'()O4 0.000 0.000 0.013 0.005 0.000 0.033 0.006 
153 0.000 0.000 0.000 0.000 OJ)()6 0.007 0.010 0.013 0.000 0.000 0.000 0.000 0.004 0.011 0.003 
155 0.000 0.005 0.006 0.000 0.000 0.000 0.000 0.004 0.014 0.000 0.000 0.000 0.000 0.000 0.002 
159 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
161 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 O~OO7 0.000 0.000 0.000 0.004 0.000 0.001 
163 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
APPENDIX B continued 
NC SCCH SCCH SCCH SCCH SCER GA FLDB FLAB LAMR LAMR LA WD TX MX Lse 
95 97 98 99 96 97 
PseC48 
146 0.000 0.005 0.017 0.005 0.016 0.014 0.005 0.000 0.007 0.016 0.014 0.011 0.000 0.000 0.007 
158 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
160 0.007 0.010 0.006 0.011 0.011 0.014 0.015 0.000 0.007 0.016 0.021 0.011 0.016 0.035 0.011 
162 0.022 0.010 0.022 0.000 0.005 0.007 0.000 0.017 0.000 0.031 0.007 0.005 0.008 0.000 0.009 
164 0.015 0.000 0.000 0.011 0.022 0.007 0.010 0.004 0.000 0.000 0.000 0.005 0.000 0.000 0.006 
166 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.001 
\0 168 0.015 0.010 0.017 0.033 0.005 0.014 0.020 0.017 0.000 0.016 0.007 0.022 0.008 0.000 0.014 ....... 
170 0.112 0.101 0.067 0.115 0.103 0.078 0.107 0.108 0.071 0.109 0.090 0.120 0.095 0.058 0.097 
172 0.172 0.149 0.150 0.142 0.130 0.155 0.168 0.142 0.157 0.156 0.194 0.164 0.119 0.116 0.150 
174 0.276 0.347 0.322 0.306 0.238 0.338 0.311 0.332 0.372 0.234 0.285 0.257 0.379 0.326 0.313 
176 0.007 0.010 0.006 0.011 0.000 0.000 0.000 0.017 0.014 0.000 0.014 0.011 0.000 0.000 0.007 
186 0.022 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.007 0.000 0.000 0.005 0.004 0.012 0.004 
188 0.030 0.024 0.061 0.044 0.092 0.063 0.026 0.056 0.064 0.031 0.056 0.082 0.049 0.093 0.055 
190 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.001 
192 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 
196 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 
\0 
N 
APPENDIX B continued 
NC SCCH SCCH SCCH SCCH seER GA FLDB FLAB LAMR LAMR LA WD TX MX Lse 
95 97 98 99 96 97 
PseC48 
202 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 
208 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
212 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.016 0.000 0.000 0.000 0.000 0.001 
214 0.000 0.005 0.006 0.005 0.000 0.000 0.005 0.000 0.007 0.000 0.000 0.005 0.000 0.000 0.003 
220 0.000 0.019 0.006 0.000 0.005 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.023 0.004 
222 0.022 0.019 0.011 0.027 0.016 0.021 0.015 0.013 0.014 0.016 0.007 0.016 0.025 0.012 0.017 
224 0.015 0.019 0.022 0.016 0,049 0.007 0.026 0.026 0.014 0.016 0.021 0.027 0.008 0.023 0.021 
226 0.097 0.067 0.061 0.087 0.076 0.063 0.056 0.052 0.086 0.031 0.104 0.087 0.078 0.058 0.073 
228 0.067 0.077 0.078 0.049 0.086 0.063 0.097 0.065 0.064 0.109 0.049 0.055 0.053 0.070 0.069 
230 0.030 0.034 0.061 0.044 0.038 0.042 0.066 0.034 0.036 0.094 0.035 0.027 0.029 0.081 0.043 
232 0.030 0.014 0.006 0.016 0.011 0.007 0.005 0.013 0.007 0.000 0.021 0.005 0.000 0.000 0.010 
234 0.000 0.019 0.006 0.011 0.016 0.028 0.015 0.009 0.007 0.000 0.000 0.022 0.021 0.023 0.013 
236 0.007 0.024 0.039 0.022 0.016 0.042 0.026 0.034 0.014 0.016 0.014 0.011 0.025 0.023 0.023 
238 0.007 0.024 0.011 0.016 0.022 0.000 0.010 0.009 0.036 0.031 0.021 0.022 0.008 0.000 0.015 
240 0.000 0.014 0.006 0.005 0.005 0.000 0.005 0.009 0.000 0.031 0.014 0.000 0.004 0.000 0.006 
242 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.016 0.007 0.005 0.000 0.000 0.002 
\0 
w 
APPENDIX B continued 
NC SCCH SCCH SCCH SCCH seER GA FLDB FLAB LAMR LAMR LAWD TX MX Lse 
95 97 98 99 96 97 
PseC48 
244 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.004 0.000 0.001 
246 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 
250 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.000 0.000 
252 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 
256 0.000 0.000 0.000 0.005 0.000 0.000 0.000 O'(X)4 0.000 0.000 0.000 0.000 0.000 0.012 0.001 
264 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 
266 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
268 0.000 0.000 0.000 0.005 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.004 0.000 0.002 
270 0.007 0.000 0.000 0.000 0.000 0.007 0.000 0.004 0.000 0.000 0.000 0.005 0.000 0.012 0.002 
272 0.022 0.000 0.006 0.005 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.003 
274 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.012 0.001 
276 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.014 0.000 0.008 0.012 0.003 
278 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.000 
280 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.004 0.000 0.001 
282 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.004 0.000 0.000 0.007 0.005 0.000 0.000 0.002 
284 0.000 0.000 0.000 0.000 0.005 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.002 
APPENDIX B continued 
NC SCCH SCCH SCCH SCCH seER GA FLDB FLAB LAMR LAMR LA WD TX MX Lse 
95 97 98 99 96 97 
PseC48 
286 0.000 0+000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
288 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.001 
290 0.007 0.000 0.006 0.000 0,000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
292 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
PseG42 
114 0.007 0.000 0.007 0.011 0.005 0.007 0.005 0.000 0.007 0.000 0.000 0.000 0.008 0.000 0.004 
\.0 
~ 117 0.022 0.005 0.013 0.006 0.005 0.029 0.027 0.004 0.000 0.029 0.027 0.017 0.004 0.034 0.014 
120 0.581 0.580 0.510 0.622 0.603 0.580 0.522 0.545 0.521 0.543 0.547 0.567 0.542 0.500 0.557 
121 0.007 0.010 0.000 0.017 0.005 0.000 0.000 0.000 0.007 0.000 0.000 0.006 0.004 0.000 0.004 
123 0.309 0.350 0.366 0.272 0.320 0.312 0.363 0.384 0.366 0.371 0.347 0.289 0.342 0.375 0.339 
124 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
126 0.052 0.050 0.092 0.039 0.031 0.072 0.060 0.067 0.099 0.057 0.073 0.106 0.096 0.091 0.070 
129 0.022 0.005 0.007 0.033 0.015 0.000 0.022 0.000 0.000 0.000 0.007 0.017 0.004 0.000 0.010 
135 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
138 0.000 0.000 0.007 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
\0 
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APPENDIX B continued 
NC SCCH seCH SCCH seCH seER GA FLDB FLAB LAMR LAMR LA WD TX MX Lse 
95 97 98 99 96 97 
PselOl 
121 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.011 0.001 
130 0.000 D.D05 0.006 0.011 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 
133 0.008 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000 0.002 
136 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
139 0.000 0.016 0.000 0.000 0.015 0.008 0.016 0.014 0.007 0.030 0.000 0.016 0.021 0.000 0.011 
142 0.392 0.446 0.376 0.467 0.520 0.406 0.435 0.410 0.427 0.242 0.486 0.368 0.372 0.522 0.422 
145 O'()08 0.027 0.024 0.005 0.025 0.045 0.005 0.041 0.021 0.000 0.036 0.011 0.004 0.000 0.019 
148 0.408 0.376 0.482 0.385 0.320 0.346 0.429 0.401 0.413 0.606 0.384 0.467 0.492 0.356 0.416 
151 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
172. 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.005 0.007 0.000 0.000 0.000 0.000 0.000 0.001 
175 0.131 0.102 0.076 0.104 0.105 0.150 0.076 0.099 0.091 0.106 0.051 0.110 0.083 0.056 0.096 
184 0.015 0.000 0.024 0.005 0.005 0.015 0.016 0.018 0.014 0.000 0.036 0.006 0.008 0.011 0.012 
187 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 
190 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.011 0.004 0.011 0.002 
210 0.008 0.005 0.000 0.000 0.005 0.000 0.000 0.000 0.007 0.000 0.007 0.000 0.000 0.000 0.002 
216 0.031 0.016 0.006 0.011 0.000 0.015 0.022 0.009 0.007 0.000 0.000 0.005 0.004 0.033 0.011 
APPENDIX B continued 
NC SCCH SCCH SCCH SCCH seER GA FLDB FLAB LAMR LAMR LA WD TX MX Lse 
95 97 98 99 96 97 
PselOl 
228 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 
231 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
260 0.000 0.000 0.000 OJ)QO 0.000 0,000 0.000 0.000 0.000 0.015 0.000 0.000 0.004 0.000 0.001 
Pse343 
195 0.000 0.000 0.000 OJ)()5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
\0 199 0.038 0.032 0.017 0.027 0.020 0.029 0.027 0.043 0.041 0.047 0.022 0~O60 0.048 0.022 0.034 
0'\ 
209 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 
242 0.000 0.000 0.005 0.000 0.005 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.000 0.001 
258 0.053 0.048 0.028 0.048 0.015 0.051 0.011 0.039 0.027 0.078 0.007 0.054 0.036 0.033 0.036 
261 0.008 0.005 0.011 0.011 0.000 0.015 0.011 0.013 0.000 0.031 0.015 0.016 0.008 0.000 0.010 
262 0.902 0.910 0.933 0.909 0.954 0.897 0.951 0.904 0.919 0.812 0.940 0.864 0.900 0.945 0.913 
263 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
268 0.000 0.000 0.006 0.000 0.000 0.007 0.000 0.000 0.007 0.016 0.007 0.005 0.000 0.000 0.003 
298 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.008 0.000 0.002 
APPENDIX C Technical and statistical complications with microsatellite analysis. 
Technical artifacts Polymerase slippage during peR amplification can produce 
fragments that are smaller than the true allele by one or more repeat units. These "stutter 
bands" often decrease in intensity down the gel or chromatogram and show patterns 
characteristic of a particular locus. When a large number of stutter bands is produced, it 
can be difficult to identify the true allele or alleles, especially if the stutter bands are of equal 
intensity or the products are very large (amplification of more repeats frequently leads to 
more stutter).. In particular, it may be difficult to score two alleles that differ by one repeat 
unit. If this were a serious problem, most of the heterozygote deficiency should have been 
found at genotypes differing by one repeat unit. All possible genotypes differing by 1, 2, 
3 ... repeat units were calculated from the allele frequencies to look for a bias against 
heterozygotes differing by a single repeat unit. At many loci, there was a heterozygote 
deficiency, so except for genotypes containing alleles differing by 0 repeat units 
Genotypes - Genotypes 
(homozygotes), the quantity obs exp was negative. 
Genotypesexp 
Genotypesobs - Genotypes 
__________ e...:..,xp was plotted against the difference in the number of repeat 
Genotypesexp 
units found in genotypes for the three dinucleotide repeat loci. No correlation was seen 
between the number of repeats in each heterozygous genotype and the heterozygote 
deficiency (Figure Cl). 
Heterozygotes scored as hornozygotes may also occur if the second allele is much 
larger than the first. In reactions containing two templates differing greatly in size, the 
smaller one is amplified with far greater efficiency and the larger one may be too faint to 
see. If this problem was occurring here, the homozygote excess would have been biased at 
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the smaller alleles. Two distributions are shown: allele frequencies and homozygote 
frequencies. No major differences were noted. 
Statistical complications The major statistical difficulty with microsatellite analysis 
lies in the large numbers of alleles often observed. This decreases the power of traditional 
analytical methods, and several randomization methods have been developed to deal with 
this type of data. Both type I and type IT errors are possible because of genetic and 
experimental sampling. To address this issue, the data were binned into 4 to 6 allelic 
classes for each locus and several analyses were performed again. Alleles were binned to 
give approximately equal numbers of allele counts in each bin (Table ct). The frequency 
of null alleles as calculated by Brookfield's (1996) method showed only slight differences 
after alleles were binned (Table C2). Locus-specific genetic differentiation between the 
Gulf and the Atlantic was unchanged except that the significance of the difference at Pse28 
was greatly reduced (Table C3). After the data were binned, the number of significant 
pairwise allele frequency comparisons dropped from six to three (after a correction for 
mUltiple comparisons), although the samples giving rise to these differences remained the 
same: Charleston, S.C., Mar. 1999, Mississippi River, La., 1996 and 1997, and Texas 
(Table C4). PST values remained insignificant (Table C5). These analyses confirm that the 
large number of alleles at loci Pse28, Pse36, and PseC48 did not obscure the interpretation 
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Figure Cl Heterozygote deficiency as a function of the difference in the number 
of repeat units (steps) between two alleles within one individual. 
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Figure C2 Expected (filled bars) and observed (open bars) number of homozygotes 
as a function of allele size. Observed heterozygotes for Pse28 were plotted against the 
left scale, expected heterozygotes were plotted against the right scale. 
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Table Cl Allele counts and bins 












































































Allele Allele Total allele 






162 26 369 
172 78 






















Table Cl continued 
Allele Allele 
SIze count 
Pse36 IBin 3 121 19 
(cont.) 
IBin4 125 14 
IBin 5 131 90 





Psel01 IBin 1 121 2 
130 5 
IBin 2 142 956 
IBin 3 145 43 
IBin4 148 941 




Pse 3431Bin 1 195 1 
199 79 
IBin 2 258 83 
IBin 3 261 22 
IBin 4 268 6 
























































Table Cl continued 
Allele Allele Allele Allele Allele Allele Total allele 
sIze count sIze count sIze count count 
PseC48 IBin 2 172 346 346 1 
(cont.) 
(Bin 3 174 723 7231 
Bin 4 176 16 196 1 220 9 
186 8 202 1 222 40 
188 126 208 1 224 48 
190 2 212 2 
192 1 214 6 261 
IBin 5 226 169 228 159 3281 
Bin 6 230 99 252 1 280 3 
232 23 256 3 282 4 
234 31 264 1 284 5 
236 54 266 1 286 1 
238 35 268 4 288 2 
240 14 270 5 290 3 
242 4 272 7 292 1 
244 2 274 2 
246 1 276 8 
250 1 278 1 316 
PseG421Bin 1 114 10 117 31 411 
IBin 2 120 1268 121 10 12781 
IBin 3 123 771 124 1 7721 
~Bin 4 126 159 135 1 185) 129 23 138 2 
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Table C2 Frequency of null alleles 
all samples average min - max. 
combined of all samples 
Pse028 0.136 0.140 ± 0.039 0.080 - 0.202 
Pse036 0.033 0.034 ± 0.023 -0.008 - 0.081 
PseC48 0.048 0.058 ± 0.032 -0.003 - 0.107 
PseG42 0.060 0.046 ± 0.042 -0.014 - 0.163 
Pse101 0.089 0.087 ± 0.088 -0.140 - 0.217 
Pse343 -0.006 -0.003 ± 0.039 -0.046 - 0.095 
Frequency of null alleles (binned data) 
all samples average mIn - max. 
combined of all samples 
Pse028 0.126 0.133 ± 0.051 0.066 - 0.255 
Pse036 0.033 0.031 ± 0.025 0.001 - 0.083 
PseC48 0.043 0.040 ± 0.049 -0.031 - 0.170 
PseG42 0.057 0.046 ± 0.033 -0.009 - 0.106 
Psel01 0.089 0.086 ± 0.087 -0.133 - 0.212 
Pse343 -0.002 -0.001 ± 0.041 -0.043 - 0.112 
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Table C3 Allele frequency differences between the Atlantic 
and the Gulf of Mexico 
Locus p standard error 
Pse28 0.024 0.008 
Pse36 < 0.001 < 0.001 
Psel0l 0.011 0.003 
PseC48 0.388 0.025 
PseG42 0.064 0.008 
Pse343 0.269 0.015 
Allele frequency differences between the Atlantic and the Gulf of 
Mexico (binned data) 
Locus p standard error 
Pse28 0.808 0.016 
Pse36 < 0.001 < 0.001 
PselOl 0.066 0.011 
PseC48 0.888 0.013 
PseG42 0.151 0.013 
Pse343 0.078 0.006 
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Table C4 Probability of allele frequency differences combined across all loci. 
Multilocus p values are shown. See Table 1 for sample abbreviations. The lines within the 
table separate the Gulf and Atlantic samples. • Significant at p < 0.05 after Bonferroni 
correction. For summary purposes, the number of significant comparisons of samples 
within or between the Gulf or Atlantic are listed below [(number of comparisons) with, 
without Bonferroni correction for 91 simultaneous tests)]: 
Within Atlantic, (28) 0,3; between Gulf and Atlantic, (48) 2,8; within Gulf, (15) 1,5 
NC SCCH95 SCCH97 SCCH98 SCCH99 ER GA FLDB FLAB LAMR96 LAMR97 LAWD TX 
NC 
SCCH95 0.711 
SCCH97 0.786 0.661 
SCCH98 0.973 0.848 0.524 
SCCH99 0.148 0.385 0.039 0.650 
seER 0.957 0.747 0.612 0.663 0.080 
GA 0.167 0.228 0.409 0.107 0.016 0.039 
....... 
0 FLDB 0.516 0.995 0.607 0.442 0.345 0.482 0.112 -.J 
,FLAB 0.464 0.935 0.790 0.168 0.056 0.588 0.206 0.745 
LAMR96 0.252 0.045 0.154 0.020 < 0.001* 0.105 0.004 0.029 0.104 
LAMR97 0.070 0.140 0.677 0.127 0.483 0.137 0.020 0.219 0.085 < 0.001* 
LAWD 0.827 0.178 0.392 0.410 0.013 0.220 0.001 0.180 0.729 0.622 0.022 
TX 0.340 0.480 0.939 0.324 < 0.001* 0.137 0.150 0.190 0.840 0.544 0.009 0.416 
MX 0.214 0.335 0.725 0.308 0.044 0.447 0.431 0.210 0.614 0.039 0.072 0.024 0.602 
Table C5 F- and R-statistics for all samples 
Locus F1S Frr FST RST 
Pse028 0.240*** 0.240 O.OOONS -0.001 
Pse036 0.064NS 0.065 0.001 NS 0.004 
PseC48 0.092NS 0.092 -0.001 NS -0.004 
PseG42 0.114 *** 0.113 -O.OOlNS -0.003 
Pse101 0.157*** 0.163 0.007* -0.001 
Pse343 -0.017NS -0.013 0.003NS -0.002 
All loci 0.131 NS 0.193 0.002NS -0.003 
F- and R-statistics for all samples (binned data) 
Locus F1S Frr FST RST 
Pse028 0.224*** 0.224 O.OOl NS 0.002 
Pse036 0.063NS 0.064 0.001 NS 0.005 
PseC48 0.083 *** 0.082 -O.OOlNS -0.005 
PseG42 0.113 *** 0.112 -O.OOINS -0.001 
PselOl 0.158*** 0.163 0.007NS -0.002 
Pse343 -O.OO7NS -0.004 O.002NS -0.002 
All loci 0.123*** 0.193 0.001 NS -0.002 
NS Not significant 
• Significant at p < 0.05 
... Significant at p < 0.001 
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Appendix Dl Probability of identify of allele frequency distributions for all pairwise 
comparisons for Pse28 (lower left triangle) and Pse36 (upper right triangle). The sample 
abbreviations are as given in Table 1 and the lines divide Gulf and Atlantic samples. For summary 
purposes, the number of significant comparisons of samples within or between the Gulf or Atlantic 
are listed below [(number of comparisons) with, without Bonferroni correction for 91 
simul taneous tests)]: 
Pse28: within Atlantic, (28) 0, 14; between Gulf and Atlantic, (48) 1, 18; within Gulf, (15) 0, 9 
Pse36: within Atlantic, (28) 0, 0; between Gulf and Atlantic, (48) 0, 22; within Gulf, (15) 0, 2 
NC SCCH SCCH SCCR SCCH SCER GA FLDB FLAB LAMR LAMR LA WD TX MX 
95 97 98 99 96 97 
NC 0.572 0.862 0.333 0.963 0.306 0.220 0.774 0.066 0.269 0.070 0.045 0.066 0.008 
SCCH95 0.004 0.079 0.519 0.555 0.940 0.627 0.746 0.410 0.043 0.018 0.080 0.016 0.071 
SCCR97 0.019 0.364 0.214 0.521 0.114 0.240 0.269 0.068 0.114 0.024 0.045 0.115 0.007 
SCCH98 0.008 0.042 0.201 0.602 0.572 0.431 0.963 0.085 0.047 0.013 0.247 0.066 0.029 
SCCH99 0.013 0.211 0.381 0.041 0.229 0.978 0.963 I 0.077 0.045 0.075 0.016 0.004 0.006 
SCER 0.044 0.045 0.554 0.071 0.064 0.711 0.6761 0.626 0.038 0.159 0.215 0.411 0.626 
....... 
....... 
0 GA 0.025 0.138 0.369 0.262 0.042 0.114 0.914 0.365 0.024 0.046 0.042 0.030 0.060 
FLDB 0.009 0.020 0.125 0.044 0.074 0.040 0.147 0.360 0.300 0.003 0.118 0.009 0.022 
FLAB 0.016 0.046 0.038 0.015 0.023 0.079 0.160 < O. 1 0.654 0.049 0.422 0.492 0.625 
LAMR96 0.157 0.284 0.347 0.110 0.018 0.241 0.453 0.008 0.175 0.004 0.112 0.086 0.299 
LAMR97 0.006 0.267 0.744 0.213 0.188 0.031 0.171 0.174 0.036 0.144 0.166 0.347 0.117 
LAWD 0.002 0.117 0.284 0.039 0.056 0.089 0.004 0.064 0.034 0.048 0.040 0.766 0.276 
TX 0.002 0.141 0.471 0.002 0.037 0.343 0.452 0.306 0.011 0.045 0.347 0.035 0.466 
MX 0.030 0.218 0.355 0.004 0.214 0.250 0.046 0.134 0.106 0.006 0.104 0.022 0.268 
Appendix D2 Probability of identify of allele frequency distributions for all pairwise 
comparisons for PseC48 (lower left triangle) and PseG42 (upper right triangle). The sample 
abbreviations are as given in Table 1 and the lines divide Gulf and Atlantic samples. For summary 
purposes, the number of significant comparisons of samples within or between the Gulf or Atlantic 
are listed below [(number of comparisons) with, without Bonferroni correction for 91 
simultaneous tests]: 
PseC48: within Atlantic, (28) 0, 0; between Gulf and Atlantic, (48) 0, 0; within Gulf, (15) 0,0 
PseG42: within Atlantic, (28) 0,4; between Gulf and Atlantic, (48) 0, 3; within Gulf, (15) 0,0 
NC SCCR SCCH SCCR SCCH SCER GA FLDB FLAB LAMR LAMR LA WD TX MX 
95 97 98 99 96 97 
NC 0.432 0.456 0.781 0.883 0.646 0.879 0.034 0.105 0.870 0.672 0.564 0.174 0.462 
SCCH95 0.129 0.288 0.151 0.762 0.236 0.188 0.545 0.336 0.604 0.384 0.150 0.441 0.196 
SCCH97 0.227 0.713 0.021 0.191 0.693 0.667 0.349 0.883 0.911 0.875 0.524 0.874 0.939 
SCCH98 0.720 0.800 0.655 0.744 0.044 0.082 < 0.00 0.014 0.180 0.033 0.074 0.011 0.016 
SCCH99 0.183 0.117 0.486 0.474 0.208 0.265 0.049 0.064 0.675 0.205 0.073 0.060 0.111 
SCER 0.186 0.428 0.954 0.809 0.495 0.526 0.136 0.204 0.924 0.941 0.470 0.392 0.745 
....... 
GA 0.167 0.749 0.741 0.907 0.260 0.686 0.059 0.102 0.939 0.866 0.326 0.115 0.721 ....... 
tv 
FLDB 0.388 0.853 0.956 0.803 0.155 0.748 0.453 0.419 0.381 0.267 0.035 0.542 0.178 
FLAB 0.260 0.759 0.806 0.812 0.534 0.623 0.369 0.574 I 0.360 0.261 0.250 0.991 0.317 
LAMR96 0.239 0.243 0.685 0.240 0.458 0.203 0.369 0.299 0.073 0.977 0.531 0.517 0.888 
LAMR97 0.630 0.503 0.666 0.811 0.528 0.363 0.223 0.606 0.906 0.373 0.615 0.475 0.899 
LAWD 0.473 0.341 0.443 0.987 0.980 0.745 0.343 0.554 0.896 0.206 0.916 0.454 0.507 
TX 0.113 0.425 0.320 0.572 0.051 0.966 0.271 0.287 0.777 0.108 0.200 0.313 0.450 
MX 0.062 0.116 0.569 0.213 0.561 0.783 0.186 0.275 0.344 0.279 0.168 0.312 0.517 
Appendix D3 Probability of identify of allele frequency distributions for all pairwise 
comparisons for Pse 101 (lower left triangle) and Pse343 (upper right triangle). The sample 
abbreviations are as given in Table 1 and the lines divide Gulf and Atlantic samples. For summary 
purposes, the number of significant comparisons of samples within or between the Gulf or Atlantic 
are listed below [(number of comparisons) with, without Bonferroni correction for 91 
simultaneous tests)]: 
PselOl: within Atlantic, (28) 0, 0; between Gulf and Atlantic, (48) 1, 17; within Gulf, (15) 2, 6 
Pse343: within Atlantic, (28) 0, 0; between Gulf and Atlantic, (48) 0,4; within Gulf, (15) 0, 1 
NC SCCH SCCH SCCH SCCH SCER GA FLOB FLAB LAMR LAMR LA WD TX MX 
95 97 98 99 96 97 
NC 0.974 0.544 0.976 0.102 0.989 0.133 0.923 I 0.614 0.181 0.096 0.848 0.857 0.808 
SCCH95 0.342 0.525 0.982 0.135 0.836 0.166 0.748 0.765 0.066 0.097 0.408 0.902 0.935 
SCCH97 0.191 0.068 0.703 0.650 0.764 0.580 0.350 0.542 0.066 0.755 0.120 0.233 0.980 
SCCH98 0.480 0.491 0.163 0.114 0.939 0.203 0.753 0.411 0.094 0.165 0.432 0.544 0.954 
SCCH99 0.019 0.632 0.005 0.224 0.077 0.641 0.071 I 0.375 0.001 0.373 0.004 0.083 0.825 
seER 0.517 0.379 0.053 0.057 0.108 0.145 0.679 I 0.543 0.394 0.251 0.784 0.533 0.836 
,...... 
GA 0.412 0.353 0.268 0.367 0.027 0.032 0.267 I 0.310 0.003 0.813 0.024 0.230 0.544 ,...... 
~ 
FLOB 0.222 0.578 0.603 0.085 0.186 0.639 0.331 0.385 0.052 0.124 0.659 0.809 0.731 
FLAB 0.699 0.811 0.882 0.578 0.396 0.479 0.670 0.939 0.053 0.382 0.294 0.797 0.935 
LAMR96 0.022 0.012 0.040 0.007 < 0.001 0.005 0.024 0.023 0.051 0.019 0.363 0.044 0.069 
LAMR97 0.023 0.046 0.283 0.027 0.077 0.020 0.053 0.287 0.522 < 0.001 0.052 0.118 0.545 
LAWD 0.296 0.299 0.313 0.147 0.013 0.073 0.405 0.435 0.656 0.357 0.005 0.497 0.367 
TX 0.108 0.042 0.245 0.046 0.001 0.004 0.611 0.093 0.344 0.554 0.003 0.942 0.842 
MX 0.225 0.189 0.034 0.361 0.042 0.026 0.399 0.073 0.305 < 0.001 0.085 0.041 0.050 
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